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OZONAT I ON OF  A MUN I C I PAL SU RFACE WATER SUPPLY TO REDUCE ORGAN I C S  
AND CHLOR I NE DEMAND AND ENHANCE FLOCCULAT I ON 
Abs tract 
LAWRENCE  JAMES VAN HOUT 
The ci ty of Yan kton , · South Da kota d raws i ts dri n k i ng water 
supp ly  from the M i s sour i  Ri ver . The water conta i ns  organ i c  matter whi ch 
may form tri hal omethanes u pon ch l ori nati on ,  and produce tastes , odors , 
i ncreased ch l or i ne demand , and reduced fl occu l ati on effi c i ency . I n  th i s  
res earch ozone was a ppl i ed to raw wat�r through u s e  of  a p i l ot p l ant to 
determi ne the effects of ozonati on on organ i cs , ch l or i ne d emand , and 
fl occu l ati on . Anc i l l ary s tud i es were conducted to fi nd s urrogate 
parameters for tota l organ i c  carbon . 
Fol l owi ng a pre l i mi nary-study based on tri ha l omethane reducti on ,  
ozone dosages of 0, 2, 4, and  8 mg/ 1 were a pp l i ed to the raw water at 
con tact t i mes of  10, 15, and 20 mi nutes . The a b i l i ty o f  ozo n e  to reduce 
organ i cs was determi ned by measuri ng tota l o rgan i c  carbon and  chemi ca l  
oxygen demand . Tota 1 organ i c  carbon a n d  chemi ca 1 oxygen d emand  were 
a l so  determi ned on the sett l ed j ar tes t samp l es . Jar  tes ts were a l so 
used i n  the fl occu l a t i on research . Chemi cal s used at the Yan kton P l ant 
were added to both raw and ozonated water s amp l es u sed i n  the j a r  tes t 
procedure . The sett l ed s amp l es were then measured for tu rb i d i ty whi ch 
was a s sumed to be  a d i rect functi on of  fl occu l a t i on effi c i en cy . 
Chl ori ne demand tes ts were performed on raw water , ozonated raw water , 
and sett l ed j a r  test  samp l es .  Samp l es were chl or i nated , and after a 
su ffi c i ent contact t i me the chl ori ne demand o f  the s amp l e s  was 
i v  
determi ned . Th e vari ous  s urroga te parameters fo r total  organ i c  carbon 
that were tes ted were chem i ca l  oxygen demand , a p parent co l or , true 
co l o r , raw u l trav i o l et absorbance , and f i l tered ultrav i o l et  absorbance . 
Ozon a ti on res u l ted i n  a redu cti on i n  th e organ i c  con tent  of  the· 
raw sampl es , but  d i d  not  change the organ i c  con tent of  the j ar test  
sampl es . Ozonat i on d i d reduce the ch l o ri ne demand of  the raw s amples , 
but h ad a var i ab l e effec t on the ch l or i ne demand of the j a r  tes t 
sampl es . In th e fl occ u l at i on  studi es , aerat i on resu l ted i n  an i nc rea sed 
fl occul a t i on eff i c i ency , whereas  ozonati on re s u l ted i n  a decreased 
fl occu l at i on eff i c i en cy .  Th i s  was a probab l e  expl an a t i on fo r the 
var i ab i l i ty of  the o rgan i cs and  ch l o r i ne demand data . I n  the study 
i nvol v i ng  s u rrogate pa rameters for tota l organ i c  carbon , no acceptab l e 
surrogate parameter for tota l o rgan i c  carbon was fo un d .  
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I NTRODUCT ION 
The purpo s e  of  a pp l y i ng ozone a t  Yan kton , Sou th Dakota was ·to 
determ ine s pec i fi c  e ffects of ozona t i on on wate r qua l i ty .  A p i l ot p l an t 
was used to i nve s t i gate tr i h al omethane format i on ,  ch l o ri ne  demand , 
reducti on of  organ i c s , and fl occu l at i on .  Su rrogate pa rameters fo r tota l 
organ i c  carbon and tr i ha l omethane s were a l s o  eval uated con cu rrentl y wi th 
the p i l ot p l ant res earch . Ch l or ine demand , reduct i on of organ i cs ,  
fl occu l at i on enhancement , and  su rroga te parameters fo r tota l o rgan i c  
carbon a re d i scus sed and ana l yzed i n  th e pages that  fol l ow .  The 
rema i n i ng objec t i ves w i l l  be  descr i bed by Graber .  
Na ture of the Prob l em 
Ch l or ine Demand 
The u s e  of c h l or ine fo r d i s i nfect i on o f  wa te r supp l i es has  come 
under s ome cont ro ve rsy i n  recen t years ( 8 ) . One of the ma i n  prob l ems i s  
w i th c h l ori nated organ i cs , wh i ch a re fo rmed in dr ink i ng wa ter u pon 
treatment . Tr i ha l ome thanes  ( THMs ) a p pear to be the mos t  common com­
pound s fo rmed ( 44) . The most  common THM , ch l oroform , has  been l i sted by 
the Un i ted State s Env i ronmen ta l  Protect i on Agency ( US EPA ) as a po tent i al 
carc inogen (59). Th e quant i ty o f  THMs formed i s  a functi on of  the 
amount of ch l or i ne used , as  wel l as  the organ i c s  in th e water and the 
con ta ct t i me between the ch l o r i ne and the organ i c p recursors  ( 44 ) . 
Ch l o rine became po pu l ar for wate r d i s infec t i on i n  the Uni ted· 
States as  a resu l t  o f  Worl d Wa r I re search wh i ch fou n d  a method to 
manu factu re c h l orine cheapl y and i n  l arge quant i t i es (31). However ,  the 
2 
s i tuat i on has change d . Today , ch l or i ne  i s  becom i ng expens i ve and  s pot 
s hortages have occu rred . 
Ch l ori nati on has a l so b een a s soci ated w i th  undes i ra b l e.tastes i n  
water due to the react i on of ch  1 or i  ne  and certa i n  o rgan i c  compounds  
(2)(28). For example , ch l ori n i ng phenol s p roduce compoun ds s uc h  as  
chl o ro phenol s ,  wh i ch have an  i ntens e  anti sept i c  tas te (13). 
As a res u l t o f  the above p ro b l ems i t  wou l d b e  des i ra b l e to fi n d  
a chemi ca l t o  repl ace c h l ori ne . There are no c h em i cal s a va i l ab l e  today 
that wi l l  eco nomi ca l l y  d i s i nfect water and a l so p rov i de a d i s i n fect i ng 
res i dual . The n ext bes t a l ternati ve wou l d be  to reduce the  amount  of 
ch l or i n e  req u i red . Th i s  can  be accomp l i shed by the use of an  oxi d i z i n g  
agent pri or t o  ch l o ri nati on t o  reduce the amount  o f  c h l o r i n e  requ i red . 
Ozone  i s  one part i cu l ar  oxi d i zi ng agent that has  been e ffec t i ve for th i s  
purpos e . 
Organ i cs 
Organic compounds  o ccu r i n  e s senti a l l y  a l l water  s u pp l i es .  The 
bu l k of the organ i c  matter i n  s u rface water i s  deri ved from n atura l  
sou rces , s uch as  t h e  l each i ng o f  s o i l  a n d  l eaf  matter (5 5 ) . I n  earl y 
1978 the USEPA had i dent i fi ed mo re than 700 i nd i v i dual  o rgan i c  compounds  
in  raw water ( 41 ) . The s e  compounds may affect the h ea l th  and  aes thet i c 
qua l i ty o f  the water . 
Organ i cs i n  raw water may produce tri ha l ome thanes  u pon 
ch l ori nati on . THMs a re presen t l y  l i s ted as  poten t i a l  carci n ogens by the 
USEPA (59 ) . Organ i cs have a l so been repo rted to cau s e  t a s te s , odors , 
and col or i n  water s u p p l i es .  These may not be  hea l th  re l ated , b u t  they 
do affect the aes thet i c  q u a l i ty of the water .  
3 
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There h a s  a l so  b een con cern about man-made organ i c  chemi ca l s 
enter i ng  the wa ter s u p p l y, s uch  a s  pes t ic i de s . These  and other toxi c  
·compounds can h ave  s er i ous  e ffects o n  hea l th . 
There a re bas i ca l l y  th ree methods ava i l ab l e fo r reduc i ng 
o rganics in water . Th ese  i nc l ude prec i p i tat i on, ads orpt i on, and ox i da­
t i on ( 1 3 ) . The addi t i on of  a powe rfu l oxi d i z i ng agent  can reduce or 
change the na tu re of  orga n i c  compound s .  Ozone, be i ng th e mos t  powe rfu l 
ox i d i z i ng agent  rea d i l y  ava i l ab l e fo r water treatmen t, h a s  b een u s ed for 
th i s pu rpose . Ozon e can  a l so  remove organ i cs by prec i p i ta ti on ( 59 ) . 
F l occu l a t i on 
A l a rge po rt i on of the s u s pended part i cl es  i n  water are too 
sma l l  to be remov ed by grav i ta t i on a l  s ed i men tat i on at rea s onab l e s u rface 
overfl ow ra tes and detent i on time s ( 5 3 ) . Th i s  prob l em i s  compounded 
dur i ng  w i n ter  mon th s when s et tl i n g i s  h i ndered by co l d wa ter ( 2 5 ) . 
Thu s, the wa te r  h a s  to be fl occul a ted to enh an ce remova l  of  the s us pend­
ed part i c l es . F l occu l at i on i s  the process  by wh ich  the negat i ve l y­
charged co l l o i da l  partic l es  i n  the water are agg l omerated ( 34 ) . 
The s u s pended part ic l es i n  the water w i l l  not agg l ome rate due to 
the i r  smal l s i ze and  s u rface charges of  the part ic l e s . Part ic l e cha rges 
res u l t from pre feren t i a l  adsorpt i on or  from i on i zati on of  chem ical 
groups  on the pa rt icle s u rface ( 53 ) . Th i s  s u rface charge  i s  the maj or  
con tri bu tor to  the  l on g - te rm s tab i l i ty of col l o i dal pa rtic l es  ( 5 3 ) . As 
a res u l t ,  pa rti c l es that mi ght  otherw i s e s et tl e or coa l e sce , are re­
pel l ed from each other  by l i ke charges . 
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I n  order fo r these  pa rt i c l es  to agg l omerate , th e pa rt i cl e s  mus t  
b e  des tabi l i zed . C h emi ca l s used to destab i l i ze co l l o i da l  part i c l e s  
i nc l ude a l umi num  s u l fate ( a l um ), ferr i c c h l or i de, ferr i c s u l fate, sodi um 
a l umi nate, ferrou s s u l fate and l i me, and ch l or i nated coppe ras  (53). 
Pol ymer i c  coagu l an ts o r  po l yel ec tro l ytes have a l so been u s ed to a i d  
coagu l a t i on (53). 
I n  o rder fo r ag g l omerat i on to occu r the pa rti c l e s  mu s t  come i n to 
con tact w i th each other . The mechan i sms for th i s  are B rown i an di ffus i on 
and fl u i d  mot i on (36). Fl u i d  mot i on i n  a typ i cal  water  trea tmen t pl ant  
i s  obta i ned  by  mechan i c al  s t i rri n g .  
To enhan ce th i s  f l occu l a t i on proce ss, severa l add i t i ve s  have 
been used . Th ese  i nc l ude ox i d i z i n g and we i gh t i ng agen ts , act i vated 
s i l i ca, and pol ye l ectro l yte s (53). 
Oxi d i z i ng agen ts tmprove fl o ccu l at i on by oxi d i z i ng 
compounds  w h i c h m i ght  otherw i se i n terfere i n  the proces s  (53). 
organ i c  
We i ght-
i ng agents , s u ch as  b eton i te cl ay ,  i ncrease the  part i c l e dens i ty ,  th e 
average w e i ght  of  the s u s pens i on ,  and prov i de surfaces  for the ads orp­
t i on of  organ i c  compound s  (53). Ac ti vated s i l i ca acts as  a b r i dg i ng 
agen t and may produce l arge r, to ugher fl oc part i c l es  (53). Po l ye l ectro­
l ytes a l so  enhance fl oc cu l a t i on by acti ng a s  bri dg i ng agen ts (53). 
Gen e ra l l y ,  the type  and dosage of coagu l an t  an d fl occu l an t  a i d 
requ i red are determ i ned by standard j ar te sts (5). Bes i des  j a r tes ts, 
two rel ati ve l y  new met hods now be i n g used to mon i tor coagu l at i on and 
fl occu l a t i on u t i l i ze the zeta poten t i al  and p i l ot f i l ter  (33). 
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Surrogate Pa rameters for Tota l  Organ i c  Ca rbon 
Organic compounds  in water vary in toxi c i ty, and th u s  s pec i fi c  
compo unds s hou l d b e  mon i to red in f i n i s hed  waters (57). Wi th a few 
except i on s ,  i t  i s  beyond th e capa b i l i t i e s  of mos t  water ut i l i t i e s, and  
to  some deg ree even  beyo nd the  capab i l i t i es o f  res e a rchers to measure 
s pec i f i c  o rga n i c  compound s , g i ven th e p re sen t s tate of ana l yti ca l  
i ns trumen tation {57). 
W i thout the a b i l i ty to me as u re s pec i fi c o rgan i c  compoun d s , th e 
next best  a l terna ti ve i s  to mea s u re s ome organ i c  parame ter th at  i nc l u des  
a 1 a rge number  of o rga n i c  compounds , an d then  assume the 1 eve  1 of 
tox i c i ty of the wate r i s  p ro port i on a l  to th e magn i tude of th i s  parame ter 
(57). Other  than j u s t  e s t i mat i ng th e tox i c i ty of the wate r , the pa ra­
meter may be  u s ed to mea s ure the aesthet i c  qua l i t i es of water a ss o c i ated 
w i t h  organ i cs. The se  cou l d i n cl u de tas tes , odors , an d co l o r .  
Total  o rgan i c  carbon ( TOC )  i s  a n  exce l l en t  pa ramete r fo r mea s ur­
i ng the o rgan i c  ca rbon con centrat i on of th e wa ter . However , the TOC 
procedu re requ i re s  expens i ve an al yt i cal  equ i pment  and  tra i ned  pe rsonne l  
to  operate the equ i pmen t .  
Su rrogate pa rameters fo r TOC wau l d be advan tageous to es t imate 
the TOC concentrati on  of  a water s amp l e .  Th i s  wou l d i n c l u de pa rameters 
i nvo 1 v i  ng  s i mp 1 er  ana  1 yt i ca 1 p rocedu res than for TOC that cou 1 d be  
performed by personne l  w i thout much  s pec i a l i zed tra i n i ng . Surrog a te 
parameters fo r TOC meeting these cri te ria  i n c l ude chem i cal  oxygen demand 
( COO ) , b i ochemi ca l  oxygen demand (BOD), u l trav i o l et  (UV) abs orb ance , 
col or , and  tu rb i d i ty (10)(15) (47)(48) (60). 
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Scope of the Inve s t igat i on 
Th e c i ty of Yan kton , Sou th Da kota draws i ts dri n k i ng water 
s u pp l y from the M i s so u r i  Ri ver . The raw water conta i ns organ i c  matte r 
wh i c h  may caus e  THMs u po n  ch l or i nat i on , tas tes , odo rs , i nc reas ed  
c h l ori ne demand , and  reduced floccu l at i on effi c i en cy .  
Tes ts were run to determ i ne the a b  i 1 i ty of  ozone to reduce the 
organ i c  content o f  the wa te r .  Th e reduct i on wa s meas u red by tes t i n g  for 
TOC and COD . Another area i nve st i gated deal i n g wi th o rgan i c  mat te r  was 
the reducti on of  ch l o ri ne demand u pon ozonat i on .  Raw and ozonated 
samp l es were chl o r i na ted and after a s u ffi c i ent  con tact i ng peri od , the 
ch l ori ne demand o f  the wa te r  was determ i ned . 
Jar  tests we re us ed i n  th e fl occu l ati on res earch . Fo l l ow i ng  
chemi ca l  ad d i t i on s , s t i rri ng , and  sett l i ng ,  t he  wa ter sampl e s  were 
measu red fo r res i dua l  tu rb i d i ty .  Th es e tu rb i d i ty va l ue s  were then  used  
to  determ i ne the  fl occu l ati on characteri s t i cs of the ozonated an d un ­
ozonated s amp l e s . 
Another  anc i l l a ry i n ves t i ga t i on i n vo l ved the u s e  of oz one  p i l ot 
pl ant s tud i es to f i nd s u rrogate paramete rs fo r TOC . The var i ou s pa ra­
meters i nves t i gated we re COD ,  true col o r ,  apparen t col or , raw UV absor­
bance , and fi l tered UV ab so rbance . 
L ITERATURE REV I EW 
Background 
H i sto ry o f  Ozon at i on in Water Treatment  
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Severa 1 a u tho rs have s ummari zed the h i  story of  ozone u s e  i n  
water treatmen t (7) ( 29 ) (3 1 )  ( 34 )  ( 4 1 ) ( 5 6 ) . Ozone has  been u s ed approx i ­
matel y 80 yea rs for the treatmen t  of potab l e  water ( 3 1 ) . The b i rthp l ace 
of  ozonati on fo r potab l e  water tre atment i s  cons i de red to be N i ce, 
France ( 4 1 ) . Ozone h a s  been u sed there s ince 1906 for d i s infec t i on 
( 41 ) . Today there a re mo re than 1 , 100 p l an ts us ing ozone ( 4 1 ) . Mos t  o f  
these p l ants  a re l o ca ted i n  Eu rope, where the u se  of  ozone w a s  p i onee red  
( 4 1 ) . · In  January ,  1981  the Un i te.d State s had  e i gh t  p l ants ut i l i z ing 
ozone ( 4 1 ) . 
Exten s i ve u s e  of ozone i n  Europe i s  re l ated to the poo r  qua l i ty 
of  thei r potab l e  water s u pp l i es an d th e i r de s i re fo r a h i gh qua l i ty 
dri n k i n g  water  ( 31 ) . For  the s ame re ason the u se of  ozone  has  i n creased 
in  No rth Ameri c a  due  to  the de teri orat ing qual i ty of  ou r wate r  res ou rce s 
and the mo re stringen t  wa te r qu al i ty standards ( 3 1 ) . 
An other rea son  fo r the extens i ve u se  of  ozone i n  Euro pe i s  th e 
s i gn i f icant  d i fferences  i n  water treatmen t ph i l osoph i es. I n  Europe  the 
treatment  p h i l o s o phy i s  based on produc ing a d ri n k in g  wa ter th at  i s  not 
onl y chemi cal l y  and bacteri o l o g i ca l l y  s afe , but a l so  a water th at i s  
free from taste, o do r ,  and co l o r ( 2 9 ) ( 31 ) . I n  the Un i ted  S tates the 
treatment p h iloso phy h a s  been ba sed on p roduc i ng a wate r  that i s  
bacteri o l og i ca l l y  safe , b u t  l i tt l e emphas i s  has  been based  on the 
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remova l  o f  adve rse tas te s , o dors , and poten t i a l ly harmful ch em i cal s 
( 29 ) ( 31 ) . 
Ozone Cha ra cter i s t i cs  
Several  autho rs h ave summar i zed vari ous ozone ch a racte r i s ti cs 
( 12 ) ( 29 ) ( 34 ) ( 39 ) ( 4 1 ). Ozone i s  an u n s tabl e gas th at bo ils  at -170°F 
( - 1 1 2°C )  a t  atmo s pher i c  p re s sure , i s  pa rt i a l ly solub l e i n  wa te r , and has  
a cha racteri s t i c  penetrat i ng odor that  i s  eas i l y  detected  at  con centra­
t i on s  a s  l ow a s  0 . 01 to 0 . 0 5 mg/ 1  ( 29 ) ( 4 1 ) . The ozone molecule con ta i ns 
three oxygen atoms , and  i ts ox i dat i on and d i s i n fect i on · poten ti als are 
due to the s pl i tt i n g  off  of th e th i rd atom on the b rea k down o f  the 
mol ecu l e ( 35 ) . The th i rd atom , or nascent oxygen as i t  i s  cal l ed , i s  
very unstable and  q u i c k l y reacts w i th ox i d i zable matter  ( 12 ) ( 35 ) . 
Ozone i s  abou t 1 3  t i me s  more s o l ub l e  than oxygen i n  wate r from 
32° F to 86° F ( 0°C to 30°C )  ( 4 1 ) . I n  wate r ,  ozone i s  re l a t i vel y uns table 
w i th a h a l f-l i fe o f  abo u t  1 65 mi n i n  d i s t i l led wa te r at 68° F ( 20°C )  
( 4 1 ) . I f  the wate r h a s  an ozone demand , the ha l f-l i fe of  ozone w ill be 
even s horte r ( 4 1 ) . 
Ozone i s  a tox i c  gas  at h i gh concentrat i on s  an d unnece s sary 
exposures  to humans can  be  de tr imenta l  ( 4 1 ) . An ozone concen trat i on i n  
a i r  of 1 5  to 20  per cen t  may be explos i ve ,  howeve r ,  i n dustr i a l  genera­
t i on eq u i pment  p roduces  ozone con centrat i ons  of on l y  1 to  6 per  cent  i n  
a i r  ( 29 )  ( 41 ) . 
Ozona t i on Advan tages and D i s advantages 
Maj o r  advanta ges and d i sadvan tages of ozonat i on are 1 i s ted i n  
Tab l e 1 .  Ozone i s  cons i dered a v i ab l e a l ternat i ve to ch l or i ne i n  
Tab l e  1 .  Ozone Advan ta ge s and D i sadv an tages i n  Water Treatmen t 
( 21) ( 34 ) ( 38) ( 44 ) 
Advantages  
Powerful oxi da n t  
Crea te s  no  s l u dge 
Ta stes  and  odo rs a re not 
created or  enhanced by ozone 
treatment  
Bacteri c i da l  act i o n  o f  ozone 
i s  rap i d 
There i s  no  pos s i b i l i ty of 
danger o r  harm fo r over­
trea tmen t wi th ozone 
Act i on not a p p rec i ab l y a l tered 
by pH va ri at i ons  between 5. 0 
and 8.0 un i ts 
Does not pro du ce ha l ogena ted 
organ i c  compounds  
Tu rb i d i ty up  to 5 mg/ 1 doe s 
not affect d i s i n fec t i on 
cha rac teri s t i c s  
D i s advantages  
Nonse l ecti ve ox i dant  
Ozone does no t produce a 
l ast i ng  res i du a l  
Ozona t i on i s  l es s  fl ex i b l e  than 
chl ori ne  i n  adj u s t i ng for fl ow 
rate and wate r qua l i ty 
vari at i ons  
Ozone demand of  water mu s t  be  
met before eff i c i en t  d i s i nfec­
t i on occu rs 
Mus t be produced and u sed  at  
the  treatment  s i te 
H i gher ca p i ta l  co s t s  than  
s impl e ch l o ri na t i on 
Tempe rature i s  i mpo rtan t factor 
in rate of react i on and 
decompos i t i on 
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Europe . In the U n i ted S ta tes  ozone has  seen very l i tt l e u s e  becau se  
Worl d Wa r I res ea rch  found a way to  manufacture ch l ori ne  c h ea p l y  and  i n  
1 a rge quanti t i es ( 3 1) .  However ,  th i s  i s  no 1 anger the c a s e . Unti  1 
recentl y ,  ozon at i on sys tems have been expen s ive an d p robl em- p l agued . 
W i th  recent  tech nolog i cal advan ce s , ozonati on cos ts and ma i n tenance 
req u i rements  have dec l i ned  (17 ) . 
Ozone Appl i c at i ons  
The u se of  ozone i n  dr i nk i ng water treatment  i s  l arge l y re l a ted 
to i ts powe r as an ox i dant  ( 31 ) .  Many raw wate r contam i n an ts are 
oxi d i zab l e ,  thu s  ozone can be  u sed for many s pec i f i c  a p p l i c at i on s  
( 29) ( 34) . Tab l e 2 conta i ns many o f  the maj or a ppl i cat i on s of  ozona t i on .  
A more deta i l ed d i s c us s i on of  ozone appli cat i on s  and uses  i n  s pec i f i c  
i n s ta l la t i ons  h a s  been  covered by s everal authors ( 7) ( 34) ( 56) . 
Ch l ori ne Demand 
Ozone can  reduce th e ch l ori ne demand of wa ter ( 4) . Th i s  reduc­
ti on wi l l  often dec reas e  th e amount  of ch l or i ne re s i dua l  requ i red i n  the 
d i str i but i on system ( 1 9 ) ( 23) ( 51 ) . 
Ozone reduces  the c h l ori ne demand by e i ther com plete l y  ox i d i z i ng 
organ i c  matter to c a rbon d i ox i de and water , or i t  may a ttack  many of the 
s ame organ i c  molecule s th at  a re attacked by c h l ori ne and adds oxygen to 
s i tes  tha t  mi ght  o therwi s e  add chlo r i n e  ( 44 ) . Th i s  l eads  to a l owe r 
ch l o r i ne demand and a reduct i on i n  ch l or i nated organ i c  products  when 
ozonati on i s  followed by c hlori nati on ( 44 ) . 
Le Page ( 2 5 )  reported tha t ozonat i on at Monroe , M i c h i gan  res u l ted 
i n  c h l ori ne demand redu c t i ons  that  were l oosel y conne cted to the amount  
Tabl e 2. Appli cat i on s  of Ozone i n  Drin k i ng Water Treatment ( 3 1 ) ( 4 1 ) 
Ba cte ri a l  and v i ral destruct i on 
M i crofl occul ati on 
Su s pended so l i ds remov al ( turb i d i ty ) 
Ox i dat i on of : 
-Tri halome thane p recu rs o rs 
-Su l fi des 
-Cyan i des 
-Organ i c  compo unds  cau s i ng taste s , odo rs , and co l or  
-Organ i cs such  as : 
- Detergen ts 
- Pest i c i de s  
- Phenols 
-Humi c ac i ds 
- Ful v i c  ac i ds 
-Tann i c  ac i ds 
-Iron 
-Mangane se 
- Heavy metal s 
Destruc ti on of a l gae 
Convers i on of la rge-molecu l a r we i ght  and l e s s  b i odeg radab l e  organ i c s  
into those o f  smalle r a n d  mo re eas ily b i odegradab l e organ i c s  
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of ozone app l i ed ,  and reduct i ons of 10 to 15  per cent were ex pected i n  
a n  o perat i ng range o f  1 .  0 to 1 .  5 mg/1 ozone dosage . Reduct i ons i n  
ch l o r i ne demand as  h i g h a s  3 0  per cent wi th ozone dosages  u p  to 5 mg/1 
were a l so repo rted . 
Bartus ka ( 2 ) re po rted i n  194 1 that Wh i t i ng ,  I nd i ana  h ad to add 
on l y enough ch l o r i ne to ma i nta i n  a des i rab l e res i dua l  fo l l owi ng  
ozona t i on . Th i s  a l so  reduced the amoun t  of ch l o ri ne- a s soc i ated tas tes 
that  occu rred i n  the wa te r .  
Kuhn  ( 23 )  repo rted that  i n  Ge rmany , ozone gave s uch a rema rkabl e 
i mp rovement  i n  water qua l i ty and  compl ete i nac t i va t i on of bacte r i a and 
v i ru s es tha t on l y  0 . 0  to 0 . 3  mg/ 1 of ch l o r i ne was req u i red fo r mos t  
ut i l i t i es .  Sou l e ( 5 1 )  s tated tha t i n  Sherbrooke , Quebec , Canada very 
l i ttl e ch l o r i ne wa s requ i red to p rov i de a stabl e res i du a l  i n  the d i str i ­
but i on sys tem , beca u s e  ozona t i on red uced the organ i sms  i n  the water to 
nea rl y ze ro and a l so ox i d i zed the eas i l y-ox i d i zab l e o rgan i c s . 
Harr i s ( 20 )  noted that i n  Stras b u rg , Pennsyl van i a  ch l o r i ne 
res i dua 1 s we re reduced by 50 per cen t  due to the excepti on  a 1 chem i ca 1 
and bacteri a l  qua l i ty of the ozonated wa ter . Mclaugh l i n  ( 28 )  reported 
i n  1947 that p i l o t p l ant  s tud i es conducted i n  Ph i l ade l ph i a  ac h i eved a 75 
per cent redu c t i on i n  c h l o ri ne demand due to ozone . 
Reduc ti on of  Orga n i c s  
O zon at i on i s  ca pabl e o f  remov i n g  organ i cs from water d i rectl y by 
oxi dat i on or i nd i rectl y by en hanc i n g the organ i c s  removal  effi c i ency of 
un i t  proces ses , such as coa gu l a ti on , settl i ng ,  an d f i l trat i on ( 59 ) . The 
mec han i sm for the i nd i rec t removal  of o rga n i cs  by ozonat i on i s  d i scus sed 
l ater i n  a sect i on on f l occu l at i on en hancemen t .  
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Ozone and other ox i dan ts , su ch as  ch l or i ne ,  ch l o r i ne  d i ox i de ,  
and potass i um permanganate , react w i th organ i c  molecu l e s v i a  one or more 
o f  th ree d i fferent  mechan i sms : addi t i on ,  s ub s t i tut i on ,  and ox i da t i on 
( 14 ) ( 29 ) . Severa l authors have outl i ned the mechan i sms of the bas i c  re­
ac ti ons  i nvolved i n  th e ozon a tion of organ i c  compounds ( 1 ) ( 12 ) ( 14 ) ( 29 ) . 
O zone i s  s uc h  a s trong oxi dant  that v i a the above react i ons , ozone may 
ox i d i ze a l most  any o rga n i c  compound to carbon d i ox i de and water ( 30 ) ( 43 )  
( 44 ) ( 45 ) . Howeve r ,  when d i s sol ved ozone concentrat i on s are low , the 
k i net i c s of  the orga n i c  ox i da t i on reacti on s  l im i t  th e ab i l i ty of  ozone 
to reduce TO C {44 ) ( 4 5 ) . Th u s , ozone dosages encoun te red in wa te r  
treatment  d o  n o t  have muc h effect o n  TOC ( 1 3 ) ( 45 ) . 
Several  authors h ave done res earch on the effec t of  ozone on the 
COD of  was tewater. Mos t  of  them repo rt that ozonat i on w il l  reduce the 
COD of  a wastewa ter ( 8 )  ( 26 )  ( 27 )  ( 46 ) . Ozone ox i d i ze s  the orga n i cs  to 
reduce the COD , b u t  th i s  does not i nd i cate a total ox i da t i on to carbon 
d i ox i de and water ( 8 ) . 
The research o f  organ i c s ox i dat i on by oz one has  l ed to several  
conc l us i ons  ( 8 ) ( 26 ) ( 29 ) ( 4 1 ) ( 42 ) ( 4 5 ) : 
1 .  D i s solved o rgan i c s  w i ll be  converted to mo re h i g hly 
oxygenated ma te ri al s that are more eas i l y b i odegradab l e .  
2 .  Ox i dat i on products fo rmed by ozon at i on do not con ta i n 
halogen atoms . 
3 .  Ozonat i on o f  certa i n  pe st i c i des h as produced i nterme d i ates  
w h i ch a re more tox i c  th an the  o ri g i na l  compou nd . 
4 .  Complete o x i d a t i on of d i sso l ved organ i cs to carbon d i ox i de 
and water i s  ra re. 
5. D i s s olved o rgan i c s  can be adsorbed on to h um i c  or s o il 
mate ri als , and  then become re s i s tan t to oxi dat i on . 
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Th e turb i d i ty of the wa te r may h ave an effec t  on the ab i l i ty of 
ozone to reduce TOC and  CO D .  D i etz , et al , ( 9 )  repo rted the effect of 
ozone wa s markedl y l es s  for a s ampl e wi th a l a rger su s pended pa rt i c l es  
concen trati on . The se  researc hers a l so  found tha t  actual TOC  redu c t i on s  
agreed qu i te c l ose l y w i th  those  cal cul ated from th e ozone cons umed . For 
COD the mea s u red reduc t i on ran abou t 25 per cent below the ca l cu l ated 
amou nt . Th ey expl a i ned th i s  d i screpancy by the fact that  ozone makes 
certa i n  organ i cs more s u scepti b l e to ox i dati on by th e COD p rocedu re . 
Thu s , they cone 1 uded that  the ch ange i n  TOC i s  the most accurate and 
prec i se mea s u re o f  the effec t  o f  ozon at i on on organ i cs . 
Inve s t i ga t i on s  on St . Lawrence Ri ver wa te r by th e C i ty of  
Mon treal , Canada i n  1970  i n d i cated reducti ons  i n  COD u pon  ozon a t i on (8). 
Wh en the raw wa te r qu a l i ty wa s at  i ts h i ghes t ,  the COD  reduc t i on was 50 
per cen t .  Wh en the water q ua l i ty wa s at i ts wo rs t ,  th e redu ct i on i n  CO D 
was about  60 per cen t  after f i l trati on , but  th ere was l i tt l e ch ange i n  
COD afte r ozona t i on o f  the f i l te red water . 
Gome l l a  ( 14 )  re po rted  i n  an a rt i c l e on ozonat i on i n  F rance tha t  
ozonati on reduc ed t h e  CO D of water s i gn i fi cantl y .  The C O D  wa s reduced 
from a f i l tered wa te r v al ue  of 1 0  mg/ l  to an ozonated water val ue  of 5 
mg/ 1 . 
Nebel , et a l , ( 30 )  pu b l i s hed th e res u l ts  of  the ozon at i on of a 
secondary was tewa te r e ffl uent i n  a p i l ot study done at Lou i sv i l l e ,  
Ken tu c ky . Th�y found tha t the average  COD reduct i on due to d i rec t ozone 
oxi da t i on wa s 23 per cen t .  Th e re searchers al so  fou nd tha t  the 15 mg/1 
ozone do sage used i n  the pi 1 ot  s tudy was not 1 arge enou g h  to cau s e  a 
s i gn i f i cant  redu c ti on i n  TOC . 
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The A i r Reduc t i on Company stud i ed th e effec t of  ozonat i on on  th e 
TOC and COD o f  secondary wa s tewater effluents ( 12) . The study found 
tha t ozone eff i c i ency for TOC and COD reduct i on i ncreas ed w i th i nc reas­
i ng levels  o f  TOC and COD  1 n the sampl es , i nd i ca t i n g  that  the more 
read i l y ox i d i zable organ i c  compou nds i n  the effl uent con sume ozone more 
readi l y .  
Flocculati on Enhancemen t 
Ozone can enhance the fl occulati on proces s by two d i ffere n t  
mecha n i sms . F i rs t ,  ozone can u pset c ollo i d  equ il i b r i um and thu s  
i n crease f l occulat i on e ff i c i ency ( 18 ) ( 32 ) ( 4 1 ) . Th ese  col l o i dal 
parti cles have h i g h l y  cha rged s u rface s wh i ch kee p  them i n  s us pens i on 
because of  t he repu l s i ve forces and the small part i cle s i zes ( 4 1 ) . 
Add i t i on of  a s tron g ox i d an t ,  s uch  as  ozon e ,  w i ll cha nge th e natu re or 
the exten t o f  thes e s u rface charges , th us  allow i ng the cha rg ed pa rt i cles 
to agglomerate ( 4 1 ) . Secondly , ozone w i l l  enhance flocculat i on by 
mi crofl occula t i on . M i c rofl occulat i on occu rs when ozone ox i d i zes  d i s ­
so l ved organ i c  mater i a l s ( 4 1 ) . S i mp l er o rgan i c  compounds  are formed 
w h i ch a re mo re h i g hly pola r than are the n on ozon i zed compo u nds  ( 32 ) ( 4 1 ) 
( 44 ) ( 58 ) . Th ese polar compo unds  are capable of hydrogen bond i ng ,  w h i ch 
can i nc rease the i r molecular we i ght  ( 4 1 ) . Th e pre s ence of polyvalent 
metall i c  cat i ons , s uch  a s  i ron and a l umi num leads to the fl occu l at i on of 
the ox i di zed o rgan i c s ( 4 1 ) . Th us , the ozonat i on  of a clear water  can 
lead to an i ncrea se  i n  tu rb i d i ty. 
Ozone ha s been reported to i ncrease  fl oc s i ze and settleab il i ty 
when used  pr i or to alum coagu l at i on 
·
( 32 ) . The improved settl eab il i ty 
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due to ozonat i on can b e  re l ated , i n  part , to the ab i l i ty of ozone to 
des tab i l i ze col l o i ds and ma ke them more amenable to alum tre a tmen t  ( 32 ) . 
Several a u thors  h ave re po rted tha t the enhancement of floccula­
t i on by ozone l eads to lowe r  a l um requ i rements ( 19 ) ( 32 ) ( 4 5 ) ( 58) . I n  the 
case of m i c rofl occu l a t i on ,  a smal l dose of electrolyte , usu ally 0 to 1 5  
mg/1  alum , w il l  permi t th e forma t i on o f  m i crofl ocs w i th pos i t i ve ch a rges  
( 49 ) . Hann  ( 18 )  fou nd  tha t Wh i t i ng ,  I nd i ana nee ded 30  per cent  les s 
a 1 urn when ozone was  u s ed fo r p re l im i nary treatment . McLau gh  1 i n  ( 28 ) 
repo rted tha t  the a l um requ i rement at Ph i l ade l ph i a ,  Pen nsyl van i a  was  
reduced by one-th i rd to one -ha l f due to ozonat i on .  
Son the i me r  ( 50 )  d i sc l osed that ozone dosages neces s a ry to 
i mprove f l occul at i on e ff i c i ency were typ i cal l y  i n  the ran ge of 0 . 2  to 
1 . 0  mg/1 , b u t  the  o p t i mum dos age wou l d h ave to be evaluated ex per i ­
menta lly .  Le Page ( 25) re po rted on the effec t o f  fl oc fo rmat i on fo r 
s amples trea ted w i th 1 ,  2 ,  and  3 mg/1 ozone fol l owed by 1 5  mg/1 of  alum 
at Mo nroe , M i ch i gan . He found  that i ncreas i ng ozone do sages  re sul ted i n  
s i g n i fi cantl y reduced react i on t imes . Th e ozonated  samples a l so  devel ­
oped a l arger fl oc  tha t  s ettl ed more re ad i l y  th an the f l oc  from the 
nonozonated s amples . 
LePa ge's res u l ts , mea s u red i n  turb i d i ty remov a l s ,  i n d i cated 
ozona ted samp l es we re not  s i gn i f i cant l y be tter , and he  coul d not j u s t i fy 
ozonati on a s  a coagulant  a i d  fo r that sol e pu rpo s e . Howeve r ,  Le Page 
s tated that " ozone's  ap pa ren t ab i l i ty to destab i l i ze col l o i ds ,  accel ­
erate coagu l a t i o n , and  i mprove fl occul at i on and s ettl i ng make  i t  a 
va l uab l e tool fo r the  treatment of  col l o ida l  wate rs , e s pec i a l l y  i f  i t  i s  
a l ready be i ng a pp l i ed fo r o ther purpo s es . " 
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Tate and Trussel l  ( 58) stated that a typ i ca l  ozone dosage for 
fl occu l at i on enhancement was about 1 mg/ 1 w i th more than a 90  per  cent 
transfer effi c i ency to the wate r .  Th ey a l so found that  p reozonat i on had 
several advantages for the d i rect f i l trat i on p rocess . F i l tered water 
turb i d i ty was shown to be  reduced from 0. 29 to 0. 08 TU wi th  an ozone 
dosage of  2 mg/1 when o zone p receded fl occu l ati on . Tests a l so i nd i cated 
that mo re sol i ds were stored i n  the f i l te r  p r i or  to backwash i ng due to 
p reozonati on . 
Surrogate Parameters for To ta l Organ i c  Ca rbon 
I nvesti gators have used se�era l d i ffe rent su r rogate parameters 
for TOC , i ncl ud i ng UV absorban ce , COD ,  BOD , col o r , tu rb i d i ty ,  emi ssi on 
f l uorescence scan ( EmFS ) ,  and rap i d fl uo rometri c method ( RFM ) ( 10 )  ( 1 5) 
( 47) ( 48)(57)(60) . Th i s  part i cul ar  research i nvo l ved the use o f  UV 
abso rbance , COD , and co l o r  as sur rogate parameters for TOC .  
Col o r  
Typ i ca l l y , co l o r i n  d ri n k i ng  water i s  de r i ved from the decom-
posi t i on o f  natura l l y-occurr i ng hum i c substances (41) . Co l ors a re 
usu al l y  caused by the p resence o f  unsaturated o rgan i c  mo i et i es con ­
j ugated i n  the compounds ( 41) . Thus , col o r  may be  i nd i cat i ve o f  the 
amo unt  of  o rgan i c  matter present i n  water . S i nge r ,  et  a l , (48) repo rted 
a co rre l at i on  coeffi c i ent of 0 . 59 3  between appa rent col o r  and TOC .  
Severa l au tho rs have measu red co l or d i fferentl y .  S i nger  ( 48) 
repo rted co l or i n  standard co l o r  un i ts (CU ) .  C rowthe r  ( 3) measured 
col o r  by absorbance at 460 nm  and 700 nm , and then ente r i ng  the val ues 
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i nto an equ a t i on to  get  a res u l t in Hazen Un i ts  ( HU ) . Gon g and  Edzwal d 
( 15 )  measured col o r  a t  420  nm a s  both a pparent and true col or . True 
col or wa s the co l o r  o f  f i l tered s amp l es , and  a pparent col o r  was the 
col or of  unf i l tered s ampl es . 
U l trav i ol et Ab sorbance 
Severa l  i nve s t i ga tors h ave re po rted on th e co rre l a t i on between  
UV  absorban ce and  TOC . The absorbance wave l ength th a t  was common l y  u sed 
was 254 nm ( 10 ) ( 15 ) ( 4 7 ) ( 4 8 ) ( 57 ) ( 60 ) . Th i s  wavel ength wa s chosen due to 
an absorbance p l a teau  occurr i ng at th i s  wavel ength , and th i s  wave l ength 
a l so  corres ponds w i th the stron g and sharp spectra l  l i ne of the l ow­
p res s u re mercu ry l amp  ( 10 ) . Th i s  wavel ength i s  a l so  appropri ate because  
s everal common o rgan i c  compound s abs orb at th i s wave l en gt h , and  the 
commo n i norgan i c  s a l ts , w i th the except i on of trans i t i on me ta l i on s , do 
not have s i g n i f i cant  a b sorb ances above 250 nm ( 10 ) . 
Several a u tho rs repo rted th at  turb i d i ty affects UV absorbance 
( 10 ) ( 57 ) . Dobbs ( 10 )  s ta ted that UV rad i at i on i s  s cattered to a much 
g reater deg ree by parti cl es  of  col l o i dal  s i ze than  is  rad i at i on of 
l onger wa ve l engths . 
Some advantages of u s i ng UV absorbance as a su rrog ate parame ter 
for TOC i ncl ude ( 10 ) :  
1 .  The equ i pmen t de s i g n  can be e i ther s i mpl e or 
soph i s t i cated . 
2. The l ow- p re s s u re mercu ry l amp h as a s harp  s pectral  
l i ne at  253 . 7  nm wh i c h , when appropr i ate l y  fil tered , 
prov i des  a l ow co s t  monoch romat i c  l i g h t  sou rce . 
3 .  Ab sorbance va l ues  can be  dis p l ayed on a meter , or 
they can be recorded to prov i de a pe rmanent re cord . 
4 .  Sens i t i v i ty can b e  adj u s ted to mon i tor  a wi de range 
of o rga n i c concentrat i ons  by vary i ng the l ength 
of the s amp l e ce l l . 
5 .  Appl i cati on of  UV mon i tors i s  s imple and does not 
requ i re a s k il l ed o perator . 
6 .  The un i ts c an b e  comp l etel y sel f-conta i ned w i th 
the i r own power s u p p l y  so  that remote l ocat i ons  
can  b e  mon i to red . 
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Dobbs  ( 10) re ported th at  t h e  lower t h e  TOC concentrat i on ,  the 
l owe r the co rrel a t i on coeff i c i en t  between UV abs orbance and TOC . Dob b s  
reported correl a t i on coeffi c i ents of 0 . 84 t o  0 . 93  between U V  absorbance  
and  TOC  for  wa stewater s ampl es . Th ese samples were f i  1 tered p ri or  to 
measu rement of UV absorbance to remove the effect of turb i d i ty .  
S i nge r  (48) re po rted a correlati on coeff i c i ent of 0 . 91 fo r raw 
water s ampl es . Symons, et a l , ( 5 7 )  reported that the Nat i ona l .  O rg an i cs 
Reconna i ss ance Su rvey ( NORS ) concl uded that UV ab sorbance for f i n i shed 
water d i d  not corre 1 ate very we 1 1  wi th TOC . Both of these authors 
f i l te red the  s ampl es  pr i or  to UV ab sorbance measurement .  
Chem i cal  Oxygen Demand 
Several i nves t i g ators h ave repo rted on th e correl a t i o n  between 
COD and TOC ( 3 ) ( 4 7 ) ( 6 0) .  Mo s t  of the l i teratu re i s  ba sed on u s i ng TOC 
data i n  l i eu of COD  and BOD  data i n  th e was tewater f i el d .  TOC and C O D  
s houl d correl ate acceptab l y ,  s i nce th ey are both measures  of the organ i c  
conten t of wa te r .  
Schaffe r (47) re po rted a correl at i on coeff i c ient  of 0 . 956  
between TOC and  COD .  W i l l i ams  ( 60 )  found reason ab l e corre l at i ons  
between mea s u rements of TOC and  COD .  
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Costs of Ozonat i on 
Ozone has had a bad  i mage i n  the past based on  an  i mpress i on 
tha t i t  was not econom i ca l  ( 34 ) . I f  ozone i s  used i n  a mu l t i - pu rpose 
rol e, ozonat i on may be  more econom i cal  than conven t i onal processes 
( 29 ) ( 34 ) ( 4 1 ) . 
The total c a p i tal and o perati ng  costs of an ozonat i on system 
depends on energy demand , amou nt  of ma i ntenance requ i red , amort i zat i on 
peri od , i n terest rates , and cost of energy ( 29 ) . B ased on l i m i ted data , 
ozonat i on c osts ranged from 1 . 75¢ to about 4 . 0¢ / 1 , 000 ga l  of water 
treated i n  1978 ( 29 ) . A more thorou gh presen tat i on of spec i f i c  ozona­
t i on co�ts at  vari ous i nstal l at i ons has been  repo rted by sev e ral authors 
( 24 ) ( 29 ) ( 34 ) ( 4 1 ) ( 56 ) . 
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M ETHODS AND MATER IALS 
Pre l im i na ry Study 
The ma i n  empha s i s  of  th i s  research wa s pl aced on the  effect of 
ozone ·on the red ucti on of o rgan i cs ,  the reducti on of ch l or i n e  demand , 
and fl occul a ti on enhancemen t .  Anc i l l ary stud i es were condu c ted to 
eva l uate surroga te pa rameters for TOC . Concu rrent  research conducted by 
Graber emphas ized the reduct i on of tri hal ometh anes ( THMs) v i a  ozo n at i on ,  
and compa ri n g  s u rrog a te pa rameters fo r THMs . 
S i n ce THM forma t i on i s  rel ated to the amoun t  of organ i c  matter 
i n  a g i ven wa ter su  pp  1 y ,  a s  i s  the chl or i ne demand an d TOC , i t  was 
dec i ded to u s e  ozone dosages  a nd contact t imes tha t  res u l ted i n  a 
s i gn i fi cant  reduc t i on i n  the  i ns tantaneou s THM concentra t i on . S imp l e 
aerati on ( 0  .mg/1 ozone dosage ) wa s a l so  eva l u a ted to be sure the effect 
on the wate r wa s d ue to ozone and not s i mpl e aerat i on .  A s  a res u l t  of 
the p rel i mi nary s tudy , app l i ed ozone dosage s of 0 ,  2 ,  4 ,  a nd 8 mg/1 at 
con tact t i mes  o f  1 0 , 1 5 , and 20 m i n utes were ch osen for us e i n  the f i na l  
s tudy .  The dos a ge and contact t i me o f  2 mg/ 1  a t  10  mi n u tes  was not used 
in  th e f i na l  s tudy due  to a smal l reduct i on in  th e i n s tan taneou s THM 
format i on ob ta i ned  at th i s  dosage and contact t i me i n  the pre l im i nary 
s tudy .  Th e THM data from the prel i mi nary s tudy i s  pres ented i n  Append i x  
C ,  Tab l e Cl. 
Fl  occu 1 at  i on s tud i es were conducted at  the above dosages  and  
contact t imes u s i ng the  tu rb i d i t i es of  the  settl ed water from the jar 
tes ts . The ch l ori ne demands  of the raw water , ozonated raw wa ter , and 
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the settl ed water from the j ar tests were then conducte d . Du ri ng a 
second set o f  runs , fl occu l ati on stu d i es were repea ted a t  o n l y  one  
settl i ng t i me rather than  the  three settl i ng t i mes used i n  the f i rst set 
of runs . TOC , UV a bsorban ce , and  co l o r anal yses were conducted o n  each 
sampl e from the two sets of runs . The COD was measured  o n l y on th e 
second set of  runs . 
P i l ot P l ant Descript i on 
The p i l ot p l ant  used i n  th i s-study consisted o f  an a i r- p re para­
t i on system ,  an ozone generator , and two contact col umns. Fi g u re 1 i s  a 
p hotograph of the a i r p reparat i on system and ozone generato r .  F i gure 2 
i s  a p hotograph  o f  the o zone contact co l umns. The p i l ot p l ant  was 
fabri cated by Emery Industri es ,  I n c . , Cin c i nnat i , Oh i o . 
A deta i l ed desc r i pt i on  of  the p i l ot p l ant has b een reported by 
DeBoer ( ? )  and Stoebner ( 56 ) . A general  descri pt i on is p resen ted be l ow . 
The a i r-preparat i on system consi sts of  a fi l ter and a i r 
compressor wh i ch draws i n  a tmospheri c a i r and compresses i t  to 100 psi g 
( 690 kPa ) .  F i gure 3 i s  a p hotograph o f  the a i r compressor .  The 
compressed a i r  was then coo 1 ed and conveyed to a p ressu re tan k for 
storage . Mo i stu re , dust , and  o i l were removed from the  a i r by passage 
through a fi l ter , dessi cater , and  coal escer.  The a i r was then reduced 
to an ozone generator o perati ng p ressure of  1 5  psi g (100 kPa ) by a 
pressure regu l ator . The a i r- preparat i on system beyond  the a i r 
compresso r i s  shown i n  F i gu re 4 .  
Figure 1. Ai r Pre paration  Sys tem and  
Ozone Generator 
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Fi gure 2. Ozone Con tact Column s 
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Figure 3. Preparation System Air Compressor 
Figure 4. Ozone Generator Module 
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The ozone g enerato r  was a tube-type , a i r- fed , wate r- cool ed  un i t  
o perati ng on  a va ri ab l e vol tage , 60 Hz  power sup pl y .  The bas i c  com-
ponents of the ozone gene ra to r  were th ree s ta i n l e s s  s tee l  tubes encl osed 
i n  a comp ressed-a i r  modu l e .  The ozone generator i s  s hown at the top of 
F i gure 4 .  Cente red i n s i de each of the s ta i nl e s s  s tee l  tube s  wa s a 
tubul ar g l a s s  d i e l ec tri c s u rround i ng a sta i n l es s  s tee l  sc reen wh i ch 
acted a s  a h i g h-vo l tage e l ec trode . Ai r from the a i r- pre para t i on sys tem 
entered the a i r modul e at one end and passed th rough  a sma l l annu l a r  
o pen i ng between t h e  g l ass  d i el ec tr i c  a n d  the sta i n l e s s  stee l  tube . A 
.. 
corona ac ro s s  the  g l a s s  d i e l ectr i c  and a i r gap  converted a sma l l per-
cen tage of the oxygen i n  the a i r  to ozone . Th e ozon i ze d  a i r  the n  was 
conveyed to the contact co l umn s  vi a a 0 . 5 - i n  ( 1 . 27-cm) s t a i n l e s s  stee l  
tube . 
F i g ure 5 pres ents  a c ros s- sect i on of the ozone generator . 
F i gure 6 dep i cts the b as i c  ozone- p roduc i ng mech an i sm used . Heat gen­
erated by the  co rona d i scharge was d i s s i pated by a j ac ket of cool i ng 
wa ter s urround i ng the three s ta i n l es s  s teel  tubes . 
The two contact co l umn s cons i s t of 6- i n  ( 1 5 . 2 - cm )  i n s i de d i a­
meter , f l anged s ta i n l e s s  s tee l  p i pe .  Each co l umn cons i s ted of two 6 - ft 
(1 . 83-m ) and  two 2 - ft ( 0 . 62-m) s ect i ons re sult i ng i n  a tota l  col umn 
he i g h t  of 16  ft ( 4 . 88 m ) . Ozon i zed a i r  from the ozone generator wa s 
i ntroduced at  the bottom of  the contact col umn s th roug h s i ntered s ta i n­
l es s  s teel d i ffu s ers . F i gure 7 i s  a photog raph of the p l umb i ng neces­







Figu re 5. Ozone  Generator Module 










Figu re 6. Ozone Generato r Con figuration 
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F igure 7 .  Ro tameters and C o n n ecti ng 
P i p i ng 
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con tact col umns . Tygo n  tub i ng wa s used to convey the off-gas  from the 
top of the co l umn s  to a nearby ai r vent d i s charg i ng outdoors . 
Raw water was pumped from the i n fl uent raw wa ter 1 i ne by a 
0 . 5- i n ( 1 . 2 7-cm ) po s i t i ve-d i sp l acement  pump powered by a !- horsepower 
( 0 . 75-kW ) var i ab l e- speed DC moto r .  T h e  water wa s pumped th roug h  a water 
meter to the top o f  the f i rs t contact col umn .  I t  then fl owed down the 
fi rs t col umn , back  up to the top of the second col umn th rou gh a 2 - i  n 
( 5 . 08-cm ) PVC p i pe ,  and down the second col umn . The fl ow condi t i on wa s 
cou ntercurrent  i n  both col umn s  rel at i ve to the movemen t  of the ozon i zed 
a i r .  From t h e  bottom o f  t h e  second col umn th e water fl owed v i a a 1 . 5- i n  
( 3 .  81 -cm ) PV C p i pe to a cons tant�head tan k .  Th e effl u e n t  from the 
constan t-head tan k  fl owed th rough  a f l exi b l e  h ose to a nea rby dra i n . 
Experimenta l  Procedures 
Generator Cal i b rat i on 
To conserve  re sea rch t ime , the gene rator cal i b rat i on cu rve 
devel oped by Stoe-bner ( 56 ) was u sed i n  l i eu of deve l op i ng a new curve . 
The generator ca l i bra t i on curve s houl d be es sen t i al l y  the same for th i s  
research  p rov i ded the dewpo i n t of the a i r  i s  h e l d  con s tan t .  
As i nd i ca ted by Stoebner ( 56 ) , ozone product i on i s  dependent on 
the type , qua l i ty ,  and f l ow rate of the feed gas ; the temperature and 
pres sure i n  the ozone generator ; and the frequency and vol tage of the 
powe r suppl y .  Fo r th i s  study ,  the feed ga s fl ow rate wa s he l d cons tant 
at  0 . 39 scfm ( 1 1 s l pm ) , the ozone generator temperature wa s a con s tant 
68° F ( 20°C ) , the  gene rator  pressu re was a con s tant 15  ps i g  ( 83 k Pa 
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gage ) , and the power s u p p l y  was a cons tant 60 Hz . Thu s , ozone produc­
t i on was a func t i on of on l y the  vo l tage a pp l i ed .  W i th an app l i ed 
vol tage of  between 0 to 20 kV , an  ozone concentrat i on of between 1 and  
1 . 5  per cent in  a i r  cou l d be  a tta i ned ( 34 ) . 
To determi ne th e ozone p roduct i on of  the ozone gene rator , 
ozoni zed a i r was obta i ned f rom a Tygon s ampl i ng tube connected to a 
samp l i ng tap at  the ex i t end  of the generator . The oz one concentrati on 
of  the gas was determ i ned by us i ng a var i at i on of the i odometri c method 
for measu r i ng  ozone res i du a l  a s  descri bed i n  Standard Methods  ( 52 ) . 
Approx i ma tel y 4 . 5  l i te rs of  ozone-conta i n i ng gas were pas s ed at a rate 
of 1 . 5  1 /m t h rough a ser i es of two gas  was h i ng  bott l es each conta i n i ng 
400 ml  of 1 per cen t pota s s i um i od i de ( KI )  s o l ut i on . The effl uent  of  
the  gas-was h i ng bottl es was conveyed to a gas we t- tes t  meter v i a a Tygon 
tube for mea s u rement  of  the gas vol ume . The KI so l ut i on wa s then  
transferred to  an erl enmeyer fl as k where 10 m l  of 2N su l fu r i c ac i d  
( H2 so4 ) was added to reduce th e pH bel ow 2 . 0 . The samp l e was then 
t i trated wi th 0 . 1  N sod i um th i os u l fate ( Na2 s2o3 ) sol u t i on ut i l i z i ng a 
s tarch sol u t i on as  an i nd i cato r .  
Th e quan t i ty of t i trant a n d  the a i r fl ow rate were then used to 
determi ne the o zone prod u ct i on of the gene rator . Append i x  B conta i ns a · 
des cri p t i on of  the ca l cu l a t i ons  requ i red to determ i ne the ozone produc­
t i on of the generator . 
As noted prev i ou s l y ,  ozone product i on i s  dependen t  u po n  the 
qua l i ty of the feed gas , part i cu l arl y the moi s tu re content .  The moi s­
ture content of the a i r  was mon i to red by measu r i ng the dewp o i nt of ·the 
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feed g a s . A dewpo i nt of  -40°F ( -40°C )  or  l ower wa s des i rab l e  ( 7 ) .  Thi s 
dewpo i nt was obta i ned on l y  a fter the p i l ot pl ant had  been i n  operat i on 
for more than 24 hours . 
P i l ot P l ant  Ope ra t i on 
The opera ti on of  the p i l ot p l ant wa s ba sed on research  conduc ted 
by DeBoer ( 7 )  wh i ch cone 1 uded th at the mas t eff i c i en t  use  of ozone 
occurred when : 1) t he l i qu i d  depth in th e col umn s was ma i nta i ned at 
14 . 5  ft  ( 4 . 4  m ) , 2 )  the  wa te r and ozon i zed gas  f l owed cou ntercu rrent l y  
i n  both co l umns , a n d  3 )  the ozon i zed g a s  wa s proport i oned s o  that  
approx ima te l y 64 per c en t  fl owed to  the  f i rs t col umn and  36  per  cen t  
f l owed t o  the second co l umn . Th us , th i s  con f i g u rat i on and  p roport i on­
men t were u sed fo r th i s  res ea rch . 
Du r i ng  these i nves t i gat i ons , the i nde pendent vari a b l e s  be i ng  
s tud i ed were ozone do s age and  deten ti on t i me wi th a l l other  vari ab l es 
hel d con s tan t .  The deten t i on t i me was a functi on of  l i q u i d  vo l ume and 
water fl ow rate . S i nce the l i qu i d  vol ume wa s hel d con s tan t ,  the  de ten­
t i on t i me wa s a fu n c t i o n  of  onl y the wa te r f l ow rate . U s i ng a pos i t i ve­
d i s pl acement pump powered by a vari ab l e s peed motor , the wa ter fl ow rate 
cou l d be  var i ed f rom 1 to 1 1  g pm ( 3 . 8  to 4 1 . 6 l pm ) . S i nce the contact 
col umns had a con s tant vol ume of 42 . 6  ga l  ( 163 . 0  l i ters ) , exc l ud i ng the 
connect i ng p i p i ng , de ten t i on t imes  of 4 to 40 mi n cou l d be atta i ned . 
The ozone concentra t i on of the ozon i zed a i r was a funct i on of 
the ozone gen e rator  power i npu t and a i r  fl ow rate . Based on DeBoe r • s 
( 7 )  research , an a i r  fl ow rate of 0 . 39 scfm ( 1 1 s l pm ) wa s ma i n ta i ned . 
As a res u l t ,  the concentrati on of oz one i n  th e ozon i zed a i r bec ame a 
funct i on of on l y the ozone gene ra tor power i n put . 
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The a ppl i ed ozone dosage wa s dete rmi ned by the ozone concentra-
t i on i n  the ozon i zed a i r ,  a i r fl ow rate , and wate r f l ow rate . Becau se 
the a i r f l ow rate wa s con s tant , ozone dosage bec ame a func t i on of  on l y  
the ozone c oncentra t i on i n  the ozon i zed a i r  and  the water  fl ow rate . 
As a l l uded  to i n  the prev i ous  pa rag raph , the ozone dosage can be 
exp ressed i n  te rms of the v ar i ab l es i n  Equat i on 1 .  
D = C ( Qg/Q1 ) ( 1 ) 
where : c = ozone concen trat i on i n  · contact i ng  g a s  ( mg / 1 ) 
D = a ppl i ed ozone dosage (mg/ 1 ) 
Qg 
= ozon i zed a i r fl ow rate ( s l pm )  
Q1 
= wate r fl ow rate ( 1 pm ) 
By subs t i tut i ng V/T for Q1 , where V i s  the l i qu i d  vo l ume of th e contact 
co l umn i n  l i ters and  T i s  the detent i on t ime i n  mi nutes , the equ at i on 
becomes : 
C = DV TQg 
( 2 )  
However , s i nce V was he l d con s tant  a t  163 l i ters an d the ozon i zed a i r 
fl ow ra te was he l d con s tant  at  1 1  s l pm ,  Equat i on 2 was s imp l i f i ed to : 
C = 14 . 82 D/T ( 3 )  
Thu s , g i ven any ozone dosage and co rre s pond i n g detent i on t ime , th e 
req u i red ozone concen trat i on i n  the ozon i zed a i r  cou 1 d · be determ i ned 
eas i l y .  Once C wa s determi ned , the ozone generato r  var i ac  setti ng from 
the genera tor cal i b ra t i on cu rve cou l d be obta i ned to produce  the de s i red 
app l i ed ozone dos age . Spec i f i c  ozone dosages and de te nt i on time s  
rel ati ve t o  t he ozone con centrat i on i n  th e ozon i zed a i r  are p re sented i n  
Tabl e 3 .  
Tabl e 3 .  Ozone Concentrati ons  i n  Feed -Gas ( C ) Rel at i ve to Var i ous  
Ozone  Dos ages and Con tact Co l umn Deten t i on T i mes 
Detention Time (T ) 1 0  1 5 20 
(minutes ) 
Water Flow Rate 1 6 . 3 1 0 .9  8 .2  
( liters per minute )  
Water Flow Rate 4. 3 1 2 .88 2 . 1 7  
(gallons per minute )  
Pump Speed Setting 44 32 22 
(per cent of maximum) 
0 0 0 0 -
l""i 
l 2 2 . 9 2 . 0  1 . 5 Q) ...._, s:: 0 � -0 A - 4 5 · 9  4.0 3 .0  "'d <1) (I) 'f"'4 � 1"""'4 s:l4 (tl 
� 0 8 1 1 . 9 1· 9 5 . 9 A 
C = 14 .8 2  D/T (mg/1) 
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S i nee two separate sets of runs  were made , a tot a 1 of 22 run s 
we re conducted . Dur i ng each run , two g as sampl es and several  water 
sampl es were co l l ec ted . F i gure 8 p rov i des  a sampl i ng d i agram for the 
res earch conduc ted . 
Trans fer  Effi c i ency and  Ozone Re s i dua l  
Dur i ng th i s  s tudy the  effec ts of the app l i ed ozone  dos age and 
deten ti on t i me on the  ozone tra ns fer effi c i ency were i nves t i g a ted . Th e 
ozone tran s fer  effi c i ency was defi ned a s :  
whe re : C = ozone concentrat i on i n  con tac t i ng gas  ( mg/ 1 ) 
c 1 = ozone concen trat i on i n  off-gas  ( mg / 1 ) 
E = transfer effi c i ency ( % )  
( 4 )  
Dur i ng each o f  th e p i l ot pl ant runs , gas  samp l es were col l ected 
from the ozone g enera tor and the contact col umn off-gas  as shown i n  
F i gure 8 .  Th ese s amp l es were bo th ana l yzed fo r ozone concentrat i on by 
the procedu re rel ated p rev i ou s l y under Ge nera tor Ca l i brat i on .  
Th e ozone res i dua  1 i n  the ozon i zed wate r eff l uent  wa s a 1 so  
mon i tored dur i n g  th i s  re search . The ozone res i dua l  wa s determ i ned by a 
back ti trat i on ut i l i z i n g a F i scher and Porte r amperometri c ti trator . 
Th e procedure i nvol ved co l l ect i ng a 200-ml samp l e i n  a 2 50 -ml gradu ated 
cyl i nder con ta i n i ng 5 ml  of 0 . 00564 N phenyl ars i ne ox i de ( PAO ) ( 52 ) .  
The sampl e wa s then tran sferred to a 2 50-ml beaker after wh i ch 4 ml of 
pH 4 acetate bu ffe r and  1 ml of 5 per cent KI we re added . The sampl e 
was then ti tra ted ampe rometri ca l l y  wi th 0 . 0282 N i odi ne sol u t i on wh i ch 
was s tandard i zed da i l y .  The ti trat ion  end- po i nt wa s atta i ned when the 
F i g u re 3 .  
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i od i ne so l uti on cau s ed a temporary defl ect i on of  the i nd i cati ng po i nter .  
A des cr i pt i on o f  the cal cul at ions  i s  i n  Appen d i x B .  
Temperatu re and pH 
The temperature and  pH of  the raw and ozon i zed raw water were 
mon i tored duri ng  the course of th i s  research . Both were measured wi th 
an Ori on Mode l 135 pH/ Ion  meter . 
The tempera tu re o f  the j a r- test  s ampl es was hel d a s  con s tant as 
pos s i b l e  wi th i n  the  l ab .  The pH of  the sampl es  was not adj us ted pri o r  
t o  conduct i ng the j ar tes ts due to th·e un i form water qual i ty .  
Chl ori ne Demand  
To  determ i ne  whether or  not the  chl o r i ne demand of  the water was 
reduced due to ozonati on , 1 - 1  i ter s amp l es of  raw wate r ,  ozonated raw 
water , unozonated j ar- tes t effl uent , and  ozon ated j ar- test  effl uent were 
co l l ected duri ng the f i rst  s et of run s . Immedi ate l y  upon col l ecti on , 
each samp l e was ch l o r i nated at  a do sage o f  10 mg/ 1 wi th a c h l o r i ne  stoc k 
sol u t i on . The ch l o r i n ated sampl e was then s tored i n  a dark p l ace fo r 3 0  
mi nutes . The chl o r i ne s tock so l uti on was made by d i l u t i n g  3 0  m l  o f  
H i l ex B l each to 1 l i ter . 
At the end o f  the 30-mi nute con tact t ime the s amp 1 e s  were 
i mmed i ate l y  ti trated amperometri cal l y  to determi ne the chl o r i ne res i dua l  
as descri bed i n  Standard Methods ( 52 ) . A 100-m 1 samp 1 e was  fi rst 
measured i n  a graduated cyli nder an d pl aced i n  a 2 50-ml bea ker . Thi s 
sampl e was then d i l u ted to 200 ml w i th demi neral i zed wate r .  To th i s  
samp 1 e was added 1 ml  of  pH 7 buffer so 1 ut i  on . The samp 1 e was then 
t i trated amperometri ca l l y  w i th 0 . 00564 N PAO . The t i trat i on end- po i nt 
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was reached when a sma l l i n cremen t  of PAO cau sed a tempo rary def l ect i on 
of  the  i nd i cat i ng  po i n ter .  The ch l ori ne demand of th e s amp l e was then 
ca l cu l a ted by s ub trac t i n g  the free ch l or i ne res i du a l  from the 10 mg/ 1  
c h l ori ne dos e . T h e  ca l cu l at i ons i nvol ved i n  determ i n i ng th e chl ori ne 
demand a re presen ted i n  Append i x  B .  
Reduct i on of  Orga n i cs  
To  determ i ne the  effect of ozone on  the  organ i c s  i n  the  sampl es , 
TOC and COD ana 1 yses  we re run on raw water , ozon a ted raw water , un­
ozonated j ar-te s t  e ff l uen t ,  and ozonated j ar- tes t e ff l uen t .  A 50 . 0-ml 
samp l e wa s us ed to ana l yze for COD . Th e COD was measured by a l ow- l eve l 
COD p rocedure desc r i bed i n  Standard Methods ( 52 ) . The procedu re i n ­
vol ved refl ux i n g a m i xture con tai n i ng 50 . 0  ml of  sampl e ,  1 gram of 
mercur i c s u l fate ( HgS04 ) ,  several  bo i l i ng ch i ps ,  75 ml  of c oncent rated 
su l fu r i c  ac i d  ( H2so4 ) conta i n i ng 22  g rams of s i l ver su l fate ( Ag2 so4 ) per 
9 l b  (4 kg ) bottl e of  ac i d ,  and 2 5 . 0  ml of 0 . 025  N potas s i um d i c h romate 
( � Cr2o7 ) sol ut i on . The  m i xtu re was refl uxed for 2 h ou rs .  U p  to 6 
s ampl es were refl uxed at  a t i me i nc 1 ud i ng  a b 1 an k .  Extreme care was 
ta ken to avo i d  con tami n at i ng the refl ux i n g  a pparatu s betwee n  ru n s  to 
avo i d erroneou s  resu l ts .  
At the end of the 2 - hou r ref l ux i ng , the samp l es were d i l u ted to 
twi ce the i r  vol ume wi th d i s t i l l ed water and th en cool ed to room tempe ra­
tu re . The samp l es we re then t i trated wi th 0 . 10 N ferrou s ammon i um 
s u l fa te ( Fe ( NH4 ) 2 ( so4 ) 2 ) s o l ut i on u s i n g ferro i n  a s  an  end- po i nt 
i nd i cator . The COD  of the sampl es we re th en ca l cu l ated a s  outl i ned  i n  
Append i x  B .  
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For the TOC anal ys i s ,  samp l e s  we re taken i n  40-ml s ampl e v i a l s 
wi th ru bber s ep tums . No pretre atment  of the sampl e s  was req u i red u pon 
sampl i ng .  The s amp l es  v i a l s we re then s h i p ped to the USEPA Dr i n k i n g  
Water Re search D i v i s i on ,  C i n c i nnati , Oh i o ,  fo r TOC ana l ys i s .  
TOC anal ys i s  was · conduc ted u s i ng a Doh rman n  DC 54 
U l tra-Low-Level  TOC An al yzer and the UV Promoted Pe rsu l  fate Oxi dat i on 
Method as  des cr i bed by Ta kahash i 1 . 
F l occu l ati on Stud i es 
A rev i s ed s tandard procedure of  the j ar tes t  was u s ed i n  the 
fl occu l ati on  s tud i es ( 22 ) . A total of s i x  1- l i ter  samp l e s  were col l ect-
ed fo r each run . Th e samp l es cons i s ted of th ree raw wate r and th ree 
ozona ted raw water s ampl es . Cons tant do sage s of l i me and al urn were 
added to each of th e s ampl es . Th e chem i cal dosa ges we re determ i ned from 
pas t records fo r th e Yan k ton Wa te r Treatment Pl an t of ave rage dos ages  of 
l ime and al um for the mon th s the s tudy wou l d cover .  Th e ave rage do sages 
are l i s ted i n  Append i x  8 ,  Tabl e 81 . F i gure E l  i n  Appen d i x E de p i ct s  the 
fl ow d i agram of  the p l ant . 
Fol l owi ng rap i d  m i x ,  fl occu l at i on , and sedi men tat i on ,  decanted 
samp l es we re drawn from the j a rs and anal yzed for tu rb i d i ty .  Becau se 
the temperature an d pH were constan t ,  the f l occu l a t i on eff i c i ency was 
assumed to be a d i rect  functi on of  turb i d i ty .  Thu s , the l ower th e 
average tu rb i d i ty ,  the  better th e fl occu l ati on . V i sua l  obs ervat i ons  
were al so  made re l a ti ve to  fl oc charac ter i s t i cs . 
1Ta ka has h i , Y . , " U l tra -V i o l e t  Low- Level  TOC Anal ys i s  o f  Potab l e Water" , 
Proceed i ngs , AWWA Water Qua l i ty Techn i cal Con f . , Dec .  5-8 , 1976 . 
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The j a r te st  procedu re i s  as fol l ows . Samp l es  of raw and 
ozonated raw wa te r were col l ected and 1 , 000-ml a l i quots , as  meas u red by 
a graduated cyl i nde r ,  were transferred to square ( 4 .  5 i n  x 4 .  5 i n  x 6 
i n ) , w i de-mouth , 2 - l i ter capac i ty ,  g l a s s  j a rs . Th ree j a rs conta i ned 
1 , 000 ml each of raw water and th e other th ree j a rs were each f i l l ed 
wi th 1 ,  000 ml  of  ozona ted raw water . The j ars were then p 1 aced on a 
s t i rre r equ i p ped wi th retractab l e  paddl es . 
I n i ti a l l y ,  the padd l es  were p l aced i n  the sam pl es  at  mi d-depth 
and s tarted a t  1 50 rev ol ut i ons  per m i nute ( rpm ) . Al um was then  p i petted 
from a s tock  so l ut i on i n to each of the j a rs . Rap i d  mi x i ng of  th e al um 
was cont i nued for 1 . 5  mi nutes . Then l i me wa s p i petted from a s tock 
so l ut i on i nto the j a rs fo r another 1 . 5 -mi nute rap i d  mi x at 1 50 rpm . The 
s peed was then reduced to 40  rpm fo r 1 0  mi nutes to i nduce f l occu l ati on . 
Th e paddl es were then s topped and removed from the samp 1 es  a 1 1  owi ng  
sed i mentat i on to  occu r . Th e above procedure was u s ed to  s i mu l ate the 
so l i ds contact bas i n  i n  the Yan k ton p l ant . 
As recommended by Nusz  ( 34 ) , the s ett l i n g t i me was var i ed fo r 
th i s s tudy .  The  s amp l es  were al l owed to settl e fo r 5 ,  10 , and 1 5  
m i nutes . A t  the 5-mi nute po i n t o f  settl i n g ,  a 40-ml samp l e  was wi th-­
drawn from each j a r  w i th a "w i de mou th "  p i pette at m i d -de pth  and tes ted 
for tu rb i d i ty .  The same procedure was u sed after 10 and 1 5  m i n utes of 
sett 1 i n  g .  Th e turb i d i ty was measu red wi th a Hach  Mode 1 2 100A 
turbi d i meter . Cal i brat i o n  of  the i ns trument wa s ba sed on Formaz i n , and 
the u n i t of mea s u re was the nephel ometr i c  tu rb i d i ty un i t  ( NTU ) . 
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Su rrogate Pa rameters fo r Total Organ i c  Carbon 
Seve ra l ana l yses  were condu cted to eval uate su rroga te pa rameters 
for TOC . Fo r each s amp l e of raw water , ozonated raw wate r , unozonated 
j ar tes t  effl uent , and ozonated j ar te st  effl uen t ,  a 2 50-ml  s amp l e was 
obtai· ned for these s tu d i es . An a l yses  i nc l uded col or , UV  ab sorbance , 
COD , and TOC .  
To ta l Organ i c  Carbon 
The TOC ana 1 ys  i s  wa s conducted a s  de scri bed under  the secti on 
Reduct i on of Orga n i cs . 
Chemi cal  Oxyge n Demand  
The  COD  an a l ys i s  wa s conducted a s  outl i ned i n  the  secti on 
Reduct i on of  Organ i cs . 
Col or  
The  absorba nce at  460 nm  i s  a quant i ta t i ve mea s u re of col or i n  
water . The se l ec t i on o f  the 460 nm wavel ength was based  on res earch 
conducted by C rowther and Ev ans (6 ) .  For each run a 50-ml samp l e wa s 
ta ken . Of th i s s ampl e ,  2 5  m l  we re then ce ntri fu ged to remove the 
turb i d i ty from the sampl e .  Tu rb i d i ty w i l l  scatter l i g h t  when meas ur i ng 
abs orbance , and wi l l  produce a h i gh re ad i ng .  Gong and Edzwal d ( 1 5 )  
referred to the raw water  col or as appa rent co l or and  the col or  of
.
the 
cen tri fuged sampl e as  true col or . 
Ab s o rbance a t  4 60 nm was meas ured wi th a Bau sch  and Lomb 
Spectron i c  20 Col or i mete r .  The absorba nce wa s measu red ut i l i z i ng a l - i n  
( 2 . 54 -cm ) g l a s s  ce l l . 
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Ul trav i o l et Absorbance  
A wave l en gth of  2 54 nm was used fo r UV abso rbance based on the 
L i terature Rev i ew .  A 50-ml  s ampl e was ta ken for the U V  absorbance 
determi nat i on .  Of th i s  s amp l e 2 5  ml  were f i l tered thro ugh  a 0 . 045- um 
f i l ter paper  to remove the effect  of  turb i d i ty .  Thu s , UV absorb ance was 
measured  on  a f i l tered and  raw s amp l e for each i nd i v i du a l  s amp l e that 
was col l ected . 
The UV absorbance was determi ned u s i ng a Bec kman DB  S pectro­
photomete r .  A 0 . 39- i n  ( 1 - cm ) square q ua rtz cel l was u s ed wi th  the 
i nstrument  a l ong  w i th a hydrogen l amp to p rodu ce a wave l eng th of 2 54 nm . 
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RESULTS AND D I SCUSS I ON 
Stati s t i ca l  Ana lys i s  
The data rel at i ng  to ch l or i ne demand , fl occu l ati on enhancement ,  
reducti on o f  organ i cs , and s u rroga te parameters for TOC were eva l uated 
u s i ng the ana l ys i s of var i ance ( ANOVA ) techn i que . Stat i s t i cal  ana l ys i s  
for s urrogate parameters for TOC a l so  i ncl uded cal cu l a t i on of  a regres ­
s i on eq uati on a l ong wi th  a corre l ati on coeffi c i en t .  Stat i s ti cal  
ana l ys i s  was not  conducted on transfer effi c i ency , ozone  res i dua l , 
temperatu re , and pH s i nce these we re not maj or obj ect i ve s  of th i s  
research . 
For  data i nvo l v i n g fl occu l at i on enhancement , TOC , and ch l ori ne 
demand , severa l stati s t i ca l  i n teracti o ns  were cal cu l ated . The i nter­
acti ons i nvol ved ozone dos age , col umn detent ion  t i me ,  and s ampl e type . 
The sampl e types were raw water , ozonated raw water , u nozonated j ar test 
effl uent , and ozona ted j ar test  effl uen t .  
The maj o r  obj ec ti ve o f  thi s research was t o  eval uate t h e  effect 
of ozone on the above parameters . Thu s , to s impl i fy expl anati ons and 
g raphs , ozone dosa ge , sampl e type ,  and ozone dosage - samp l e type  
i nteracti on were the s tat i s t i ca l  e l ements of mos t concern . For  the  da ta 
presented i n  th i s  s ec t i o n , the average va l ue of  a s pec i fi c parameter was 
taken over the th ree deten t i o n  t i me s . Th i s  res u l ted i n  pl ott i n g  4 l i nes 
i ns tead of 11 fo r the var i ou s  fi gu res . If the s tati s t i ca l  ana l ys i s  had 
s hown that detent i on t i me or some i nteract i on i nvo l v i ng d e tent i on  t i me 
was s i g n i fi cant , then a fi gure wa s d rawn that i ncl uded the d etent i on 
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t i mes . Whether a stati s t i cal  parameter was s i gn i fi cant  or not wa s 
determi ned by referr i ng  to s tandard F tab l es w i th  the computed F va l ues 
conta i ned i n  the anal ys i s  of  vari ance tab l es  i n  Append i x  C ( 54 ) . 
An assump t i o n  made dur i ng th i s  res earch wa s that the raw water 
qua l i ty d i d  not change du r i ng  any one g i ven day . Thu s ,  on l y  one s et of 
raw wa ter qua l i ty data was co l l ected per day . Th i s  exp l a i n s  why some 
va l ues  appear several  t i mes i n  some of the tab l es i n  the Append i x .  Th i s 
a ssumpti on was a l so  u sed i n  the s tat i s t i cal  ana l ys i s of  the data . 
Transfer Eff i c i ency and Ozone Re s i dua l  
The  ozone con tacti ng  effi c i enc i es a nd res i dua l s from Append i x  C ,  
Tab l e C2 are summa r i z ed i n  Tabl e 4 .  Ozone transfer  eff i c i enc i es vari ed 
··from 64 . ·6 to 90 . 6  per ce n t .  It appears the eff i c i enc i es decrea sed wi th  
i ncreas i ng ozone dosages . These  resu l ts we re s i m i l ar to  those  reported 
by DeBoer ( 7 )  and Stoebner ( 56 ) . These  researchers post u l a ted that at 
h i gher ozone dosa ges , a greater porti on of the ozone demand was 
sati s fi ed caus i ng the rema i n i ng ozone to be  rel eased as  off-gas . Th i s  
observa ti on wa s con trary to that found by Nu s z  ( 34 ) who reported that 
contacti ng  effi c i ency was not s i gn i fi cantl y changed wi th  i nc reas i ng 
dosage . Nu sz  ( 34 )  attr i bu ted h i s  fi nd i ngs to the h i g h organ i c  content  
of the water at  Huron wh i ch caused the  ozone demand to  rema i n  h i gh  
resu l ti ng i n  a neg l i g i b l e i nf l uence on contacti ng eff i c i ency . 
Because  Yan kton had a much  h i gher raw wa ter qua l i ty than Huron 
i n  terms of TOC , the res u l ts appear to more cl ose l y resembl e those found 








Tab l e 4 .  S umma ry o f  O zone Ana l ys e s  
Detention Replication Oz one Absorbed Oz one 
Time Number Residual Oz one Demand 
Dosage 
{minutes ) (mg/1 ) (mg/1) (mg/1) 
1 5  1 o . oo 1 . 95 1 . 95 2 6 .00 1 .  73 1 .  73 
20 
1 0 . 06 1 . 9 1  1 .8 5  
2 o . oo  1 .8 1  1 .8 1  
10  1 0. 71 3 · 39 2 . 68  2 0 . 62 2. 9 1  2 . 29 
1 5  1 0 . 29 3 . 68 3 - 3 9  2 0 . 36 3 . 27 2 . 9 1  
20 1 0 . 26 3 -48 3 .2 2  2 0.45 2 . 98 2 . 53 
10 1 1 . 68 5 . 8 5  4 . 1 7 2 2. 1 4  6 . 20 4. 06 
1 5  1 1 . 00 5
- 95 4- 95 
2 1 . 26 5 . a8 4.26 




(per cent ) 
90 ·4 
88 . 2  
90. 6  
88 . 5 
8 5 . 7 
80 . 8  
85 . 7 
8 2 . 5 
82 .4 
74 . 8  
75 - 9  
74.8 
73 .8 
79 . 6  
70 . 6  
64 . 6  
4 5  
The ozone res i dual  vari ed from 0 . 00 t o  2 . 14 mg/ 1 . The s e  val ues 
were compa rab 1 e to those  fou nd by DeBoer ( 7) and Stoebner ( 56 )  and 
cons i derab l y  1 ower than those  reported by Nusz ( 34 ) .  The fac t  that 
ozone res i dua l s were e s se n t i al l y  0 mg/ 1 at an ozone dos age  of 2 mg/ 1 
suggests tha t  ozone was some t i me s  en t i re l y con sumed by re act i on s  wi th 
cons t i tuents i n  the water . I t  i s  a l so appa rent that the ozone re s i dual s 
i ncreased w i th i ncreas i ng ozone dosages wh i ch was a 1 s o  re ported by 
DeBoer ( 7 ) , N u sz  ( 34 ) , and Stoebner ( 56 ) . 
Temperatu re and pH 
The temperature and pH data col l ected fo r the raw and ozonated 
raw water sampl es  are tab u l ated i n  Append i x  C ,  Tab l e C3 and pre s en ted  i n  
Tab l e 5 .  I t  can be seen from Tabl e 5 th at the water temperatu re i n­
creases s l i ghtl y wi th ozon at i on .  The max imum i ncrease wa s 1 . 9°C .  An 
i nc reas e i n  temperature u pon  ozonat i on wa s a 1 so reported by Stoebner 
( 56 ) . 
From Tab l e 5 i t  i s  ev i den t that the pH of th e water wa s not 
s i gn i fi can tl y changed u pon  ozonat i on . Typ i ca l l y ,  ozonat i on w i l l  cau s e  a 
drop i n  pH , because  ozone h as a g reater tendency to react wi th hydroxyl 
i on s  ( 34 )  ( 5 6 ) . Redu c i ng  the concentrat i on of  hydroxyl i on s  i n  aqueou s 
sol ut i on wi l l  l ower the pH ( 34 ) ( 56 ) . 
Ch l o r i ne Demand  
Th e ch l o r i ne demand da ta col l ected are p re s en ted in  Append i x  C ,  









Tab l e 5 .  Summa ry of Tempe ra ture and pH Data 
Detention Testing Replication . Temperature 
Time Date Number 
pH 
(minutes ) ( 1 98 1 )  ( oc ) (units ) 
Haw Oz ona ted Haw Ozona ted 
1 0  9/ 18 1 20 . 7 20. 5  8 . 48 8 . 5 1  . 9/28 2 1 9 . 2  1 8 .8 8 . 39 8 .42 
1 5  9/
18 1 20. 7  20. 5  8 .48 8 . 5 1  
9/28 2 1 9 . 2  1 9.0 8 . 39 8 . 49 .. 
9/ 18 1 20. 7  - 8 . 48 -20 9/28 2 1 9 . 2  20.2 8 . 39 8 . 5o 
1 5  9/
14 1 22. 0  22. 6  8 . 37 8 . 20 
9/2 1  2 19 . 5  1 9 . 9  8 .40 8 . 44 
20 9/ 14 1 22 .0 22.6 8 . 37 8 .45 9/2 1  2 1 9 . 5  20.0 8 . 40 8 .42 
1 0  9/ 1 1  
1 22 . 9  24. 1 8 .4 1  8 . 36 
9/ 1 9 2 20.0 20. 5  8 . 25 8 . 32 
1 5 9/ 1 3 1 22.0 23 . 9 . 8. 39 8 . 38 9/2 1 2 1 9 . 5  1 9 .6 8 .40 8 . 22 
20 9/ 1 2  1 22.0 23 . 7 8 . 46 8 . 39 9/2 1 2 1 9 . 5 1 9. 5  8 .40 8 . 37 
10 9/ 1 2  1 22 .0 2 3 .4 8. 46 8 . 32 9/ 1 9  2 20 .0 20.6 8 . 2 5  8 . 26 
1 5  9/ 1 3 
1 22.0 2 3 .8 8 . 39 8 . 28 
9/ 1 9 2 20 .0 2 1 . 1  8 . 2 5  8 . 28 
I 
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ch l ori ne  demand over the three  detent i on t i mes  ( 1 0 ,  1 5 ,  and 20 m i n u tes ) 
for ozone dosages  of  0 ,  2 ,  4 ,  and 8 mg/ 1 . 
From F i gure 9 ,  s i mp l e aerat i on ( 0  mg/ 1 ozone dosage ) reduced the 
c h  1 ori  ne  demand of the water fo r both raw water and the jar tes t  
effl uen t .  Th i s i s probab l y  due t o  t h e  a i r  ox i d i z i n g  some of the 
o rgan i cs i n  the  wate r .  Al so , aerat i o n  cou l d s tri p any vol a t i l e  organ i cs 
from the wate r .  The  reduct i on i n  ch l ori ne  demand  for the  j ar tes t  
effl uent cou l d b e  due to the  i mproved fl occu l at i on observed for th i s  
dosage duri ng  the  fl o ccu l at i on s tud i es . 
At the  2 mg/ 1 ozone dosage , ozone reduced the ch l o r i ne deman d of 
the  raw water , b u t  d i d  not  appear to  affect the j ar tes t e ffl uent .  The  
reduct i on i n  ch l or i ne  demand i s  g reater than that  exper i enced w i th 
aerati on a l one , thus  the  i ncreased reduct i on wou l d appear to be  due to 
the appl i ed ozone . 
At the  4 mg/ 1 o zone  dosage , ch l ori ne  demand o f  the raw water was 
not changed w i th ozonat i on ,  and  the chl ori ne demand of the  j a r  te s t  
effl uent  was i ncrea sed  u pon ozonati on .  The con s tant ch l o r i ne  demand of 
the raw wa ter i s  probab l y  due to the  ox i dat i on by ozone  of certa i n  
organ i c  compounds to produce l ower mol ecu l ar  we i ght  mo i et i es tha t  wi l l  
react w i th ch l ori ne  whereas prev i o us l y  the  o ri g i n a l  compounds were 
res i s tant to oxi dat i on by ch l o r i n e . The i nc rease i n  the ch l ori ne  deman d  
for t h e  j ar tes t  effl uent can be  attri buted t o  t h e  reduct i on i n  
fl occu l at i on effi c i en cy experi enced at  th i s  dosage .  
A t  the 8 mg/ 1 ozone dosage , there wa s a reduct i on i n  the 
chl ori ne demand fo r both the raw water and jar te s t  effl uent . The ozone  
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mus t  have oxi di zed some o rgan i c s to a po i n t  where they wou l d no l onger 
react w i th  c h l o r i ne . I t  wa s expected  that the j a r  tes t  e ff l uen t wou l d 
experi ence an  i nc rea s e  i n  ch l o r i ne demand due to the decrease  i n  fl oc­
cu l a t i on e ffi c i ency e xpe r i enced at  th i s  dosage . 
By compa ri n g  the ch l o r i ne demand data i n  F i g u re 9 w i th  the TOC 
date i n  F i g u re 10 , i t  wou l d appea r there s hou l d be a reduct i on i n  the 
ch l ori ne  demand of  the raw wa ter due to ozonat i on ,  beca u s e  the TOC was 
reduced a t  ozon e do sages  of  2 ,  4 ,  and  8 mg/ 1 . At a 0 mg/ 1  ozone dosa ge , 
the TOC was not redu ced . Thus , th e reducti on i n  ch l o ri ne demand was 
proba b l y due to a change i n  the natu re of some of the organ i c  compounds 
i n  th e wa te r .  Th e TOC o f  the j a r te st  effl uents was unchan ged ove r the 
fou r ozone do sages . Aga i n , th i s  wou l d a ppear to s upport  the i dea  that  
ozone mu st  h ave changed the  cha racter  of the  organ i c  compounds to 
p rodu ce the d i ffe rences i n  the ch l o ri ne demand .  
A n  ANOVA of  t h e  ch l o r i ne demand data i s  presen ted i n  Append i x  C ,  
Tab l e C5 . The ANOVA i nd i cated that the dosage and  the s ampl e type were 
both h i g h l y  s i gn i f i cant  ( 99 pe r cen t l evel ) .  The ANOVA a l so  i nd i cated 
that  the deten t i on t i me was not s i gn i f i can t i n  the reduct i on of  th e 
ch l ori n e  demand . 
I n  conc l u s i on , ozonat i on gene ral l y  res u l ted i n  a reduc t i on i n  
ch l ori ne  demand fo r the raw water sampl es . Ch l or i ne  demands  for raw 
water versus  ozonated raw water  were reduced up to 14 per cen t .  For  the 
j a r  tes t  effl uen ts , ozone had a va ri ab l e effec t on the ch l o ri ne demand 
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Reduc t i on o f  Organ i cs 
The redu cti on o f  organ i cs wa s meas u red by both TOC and COD of  
the wate r s ampl e .  Th e TOC  data are p resented in  Append i x  C ,  Tab l e C6 
and the COD data i n  Append i x  C ,  Tabl e C8 . 
F i gu re 10  p resents the TOC da ta p 1 otted as  a functi on of  the 
samp l e type and ozone do sage . At an ozone dosage of 0 mg/ 1 , the re i s  
1 i ttl e change i n  th e roc conce ntrati on for both the  raw wate r an d j ar 
tes t effl uent . Th i s  i nd i cate s that s i mp l e  aerati on d i d  not reduce the 
roc con tent of  the wa te r .  
A t  ozone dosages of  2 ,  4 ,  and 8 mg/ 1 , ozonat i on of  t h e  raw water 
d i d  reduce th e TOC concen trati on of the raw water . Th i s  wou l d appear  to 
i nd i ca te that ozone o x i d i zed some of  the organ i cs to carbon d i ox i de 
( C02 ) and wa ter .  A t  these  ozone dosages , there was n o  change i n  the TOC 
concen trati on of the j a r  tes t e ffl uents . Al though the re probab l y was a 
reduc ti on i n  roc due to ozonat i on pri or  to conducti ng the j a r  tes ts , the 
redu cti on was p robab l y  o ffset by the l ower fl occu l at i on effi c i en c i-e s  
experi enced a t  these do sage s . 
An ANOVA of the TOC data i s  presented i n  Append i x  C ,  Tab l e C7 . 
The ANOVA i nd i cates  that none o f  the s tat i s t i ca l  parameters tes ted were 
s i gn i f i can t .  Th i s  res u l t  i s  q uest i onabl e becau se  F i gu re 10 i nd i cates 
that the s amp l es · were react i ng d i ffe ren t l y  over  the va r i ou s  app l i ed 
ozone dosage . 
I n  F i gure 11 , COD i s  s hown as a func t i on of s ampl e typ e  and 
app l i ed ozone dosage . The data appears to be h i gh l y  va ri ab l e .  At  the 
0 mg/ 1 dosage , s i mp l e  aerat i on reduced the COD of th e raw wate r and 
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i ncreased the COD of  the j a r tes t  effl uent .  Reduct i on i n  the  COD  of the 
raw water was pro bab l y due to ox i dat ion  and/o r s tr i p p i ng by a i r of  the 
organ i c s  i n  the wate r .  The i n crea se  i n  COD fo r th e ae rated j ar tes t  
effl uen t cou l d  b e  attri bu ted to experi me n ta l  error .  Th i s  i s  ev i dent by 
the h i g h COD of 7 . 60 mg/ 1  encoun tered at a detent i on t i me o f  10 mi nutes . 
Th i s  changed the curve cons i de rab l y .  
At an ozone dosage o f  2 mg/ 1 , ozonated raw water COD was g reate r  
than tha t  fo r raw wate r .  Ozone may have ox i d i zed some organ i cs normal l y  
not oxi d i zed i n  the COD p rocedu re .  These ozonated o rg an i c s  then may 
have become ox i d i z ab l e by the COD procedu re resu l t i ng i n  a h i gher  COD 
val ue . For the  j a r  test  at ozone dosages 2 ,  4 ,  and 8 mg/ 1 , the ozonated 
j ar test effl uent  COD was h i gher  than the unozonated j a r  tes t effl uents . 
The i ncreases ranged from 1 2  to 49 per cen t .  These  h i gher  COOs may be 
attri buted to a reduct i on i n  fl occu l ati on eff i c i en c i es experi enced at 
these dosages . 
At ozone dosages of 4 and 8 mg/ 1 , the ozonated raw water COD was 
20 to 42 pe r cen t l es s  than the raw wa te r COD . Thus , i t  wou l d appea r 
ozone was oxi d i z i ng o rgan i cs i n  the raw water . 
An ANOVA of  the COD data i s  s hown i n  Appen d i x C ,  Tab l e C9 . Th e 
ANOVA i nd i cated that the s amp l e type was h i gh l y  s i gn i fi can t ( 99 per cen t 
l evel ) .  Thus , s ta t i st i cal l y  the COD o f  the samp l es  types we re 
d i fferent . 
I n  conc l u s i on ,  i t  appea rs as though ozonat i on reduces th e 
o rgan i c  con ten t of  raw water as meas ured by TOC and COD . The TOC 
reduct i ons  ran ged from 14 to 21 per  cen t and  the COD was reduced up to 
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42 per cen t .  In the  case  of the j a r tes t  effl uent , ozonat i on e i ther  
cau sed no  change  o r  an  i nc reas e i n  the organ i c  con tent  o f  the  s ampl es . 
Th i s  i n creas e  was s u s pected to be  caused by a reduct i on i n  the  fl oc­
cu l at i on e ff i c i ency .  
F l occu l at i on En hancemen t 
The  fl occu l a t i on enhancemen t  s tudy i nvol ved thre e  d i fferen t 
s ettl i ng t i mes  of 5 ,  1 0 , and 1 5  m i n u tes . Data fo r the  5-m i n u te s ett l i n g 
t i me a re tabu l ated i n  Append ix  C ,  Tabl e C10 .  F i g u re 1 2  dep i cts  the 
average tu rb i d i ty val u es for the t h ree  ozone con tact t i me s  obtai ned 
after a 5 m i nute s ettl i ng t i me versus  appl i ed ozone dosage . 
From F i g u re 1 2 , an ozone do sage of  0 mg/ 1 ( s i mp l e ae rat i on ) 
res u l ted i n  an i ncrease  i n  fl occu l at i on effi c i ency a s  e v i denced by a 
reduct i on i n  turb i d i ty of  13  per cent .  At a 2 mg/ 1  ozone dosa g e , the 
fl occul at i on effi c i en cy wa s a l so i nc reased due to ozona t i on . Part of  
the i ncrea s e  s hown at the  2 mg/ 1 ozone  dosage was p robab l y  due to  s imp l e  
aerati on .  
At o zone dosage s o f  4 and 8 mg/ 1 , the f l occu l a t i on e ff i c i ency 
was decreas ed u pon ozonat i on .  A pos s i b l e  expl anati on fo r th i s  cou l d be  
tha t mi cro fl o ccu l at i on wa s occu rri ng and not  enough  a l um was b e i n g  added 
to coagu l ate the mi cro fl ocs . The mi crofl ocs w i l l  cau s e  an i ncreas e  i n  
turb i di ty and thu s  g i ve e rroneous con cl us i ons  on the bas i s  o f  turb i d i ty 
for determ i n i ng fl occu l a t i on effi c i en cy . As noted i n  the  L i te ratu re 
Rev i ew (4 9 ) , th i s  type of coagu l at i on · may requ i re up  to a 1 5 -mg/ l  a l um 
dosage , and o n l y  a 7 . 0  mg/ 1 a l um dosage was used i n  th i s research .  
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An ANOVA fo r the  fl occul at i on enhancement data  for a 5-mi n u te 
s ett l i ng t i me i s  pre sented i n  Append i x  C ,  Tab l e C11 . The ANOVA 
i nd i cated that  the  o zone dosage was h i gh l y  s i gn i f i can t ( 99 per cent 
l evel ) . Al thou g h  the  do sage an d sampl e i nteract i on was not  s i gn i fi can t , 
i t  does a ppea r that  the s ampl e tu rb i di t i es d i d  va ry ove r the  four  ozone 
dosages . 
Tu rb i d i ty data for the 10-mi n u te s ettl i ng t i me are p re s en ted i n  
Append i x C ,  Tab 1 e C12 . An AN OVA i nd i cated that the  ozone dosage , 
detent i on  t i me ,  and  s amp l e type i nte ract i on was s i gn i f i can t .  Bas ed on 
t h i s outcome , F i g u re 13 wa s drawn to dep i c t  th i s  th ree-way i nteracti on 
for the 10-mi nute s ett l i ng t i me .  I n  F i gure 1 3 , the f l occu l at i on 
enhanceme n t  data for a 10-m i n ute s ettl i ng t i me i s  s hown as a func t i on o f  
the  appl i ed o zone. dos age a n d  samp l e type . At an ozone do sage  o f  0 mg/ 1 , 
t he re was an  i ncrease  i n  f l occu l a t i on e ff i c i ency due to s i mp l e aerat i on .  
At ozone dosages  o f  2 ,  4 ,  and  8 mg/ 1 , a s l i ght  reduct i on i n  fl o ccul at i on 
e ff i c i ency was apparen t .  Aga i n , th i s  may have b een due to 
mi c ro fl occu l at i on as descr i bed p rev i ous l y .  
F i gure 1 4  i s  a p l ot  o f  the fl occu l at i on enhancement data for the 
10-mi nute s ett l i ng t i me as a funct i on of  the app l i ed ozone dosage , 
detent i on t i me ,  and  samp l e type . At  the 0 mg/1 ozone dos age , i nc rea ses  
i n  fl occu l at i on eff i c i ency occu rred at  a l l th ree  deten t i on t i me s . The 
greate s t  i ncreas e  i n  fl occu l at i on e ff i c i ency was expe r i en ced at  a 
1 5-mi  nute dete n t i on t i me .  Over the 2 - , 4- , and 8-mg/ 1 ozone dosage s , 
the resu l ts were erra t i c and no  gene �al  con cl us i ons cou l d b e  d rawn . 
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An ANOVA fo r the f l occul at ion  enhan cement  data at a 10-mi nute 
settl i n g  t i me i s  presented i n  Ap pend i x  C, Tab l e C13 . The ANOVA i n­
d i cated that the ozone  dos age and the ozone dosage and  s amp 1 e type  
i n teracti on were both  h i gh l y s i gn i fi c an t  ( 99 per cen t l evel ) . The ANOVA 
a l so  i nd i ca ted that  the  ozone dosage , deten t i on t i me , and s amp l e- type 
i n teract i o n  was s i gn i f i can t ( 9 5  per cen t l evel ) . Thus , the observa t i on 
tha t  ozonat i o n  exe rts an  effect on fl occu l at i on  effi c i en cy was s u b s tan­
ti ated s tat i s t i ca l l y .  
The tu rb i d i ty data fo r the 15-mi n ute settl i ng t i me a re pres en ted 
i n  Append i x  C,  Tab l e C14 . An ANOVA i nd i cated that the detent i on t i me 
and samp l e type i nteract i on was s i gn i fi can t .  To i l l u strate th i s  i n te r­
act i on , F i gure 1 5  wa s pre pa red showi ng  the fl occu l at i on enhan ceme n t  data 
as a funct i on of  the appl i ed ozone dos age and s amp l e type at  a 15-m i nute 
settl i ng t i me .  At a n  ozone do sage of  0 mg/ 1 , there was an i ncrease  i n  
fl occu l ati on  eff i c i en cy d ue to s i mpl e aerati on of  the water . 
Ozonat i on had no  e ffect  on fl occu l at i on effi c i en cy a t  ozone 
do sages of  2 and 4 mg/ 1 . At an ozone do sage of 8 mg/ 1 , ozonat i on 
dec rea sed fl occu l ati on  effi c i ency , a res pon se  q u i te l i ke l y  due to 
mi crofl occu l ati on . 
I n  F i gu re 16 , turb i d i ty of  s ettl i n g  j a r  test  s u pe rn atan t fo r a 
15-m i n u te s ettl i n g  t i me i s  s hown as a funct i on of  de ten ti on t ime and 
sampl e type .  From the fi gure i t  can b e  seen that a t  a 10-m i n u te deten ­
t i on tfme fl occu l a t i o n  eff i c i ency dec reased wh ereas  a t  deten t i on t i mes 
of  15 and 20 mi n u tes , f l occu l at i on effi c i ency i n creas ed . 
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An ANOVA o f  the fl occu l at i on enhancemen t  data fo r a 1 5-m i nute 
s ettl i ng t i me i s  p re s ented i n  Append i x C ,  Tab l e  C15 .  The ANOVA i nd i cat­
ed that the  ozone dosage and s amp l e type i ntera ct i on and the detenti on 
t i me and  samp l e type  i nteracti on were b oth s i gn i f i cant ( 95 per cent 
1 eve 1 ) . 
At s ta ted i n  the  Methods and Mate ri a l s s ect i on , N u s z  ( 34 )  
recommended s amp l i n g the j ar tes ts a t  vari ou s sett l i ng t i me s  to deter­
m i ne whethe r  o r  not  ozonat i on i nc reases the settl i ng rate of  fl o c  
pa rti c l e s . F rom a compar i s on o f  F i gure s  12 , 13 , and  1 5 , i t  appears tha t 
i n  the  f i rs t 5 m i n u tes  of  s ettl i ng ( F i gure 12 ) ,  o zone dosag e s  o f  0 and 2 
mg/ 1 res u l ted i n  i nc reas e s  i n  f l occu l at i on effi c i en cy .  At dosages  of 4 
and 8 mg/ 1 , f l occul ati on e ff i c i ency dec reas ed .  Afte r  1 0  mi-n u tes  o f  
s ett l i n g ( F i gure 1 3 ) , the  0 -mg/ 1 ozone dosage resu l ted i n  an  even 
g reater i nc rease  i n  fl o c cu l at i on eff i c i en cy ;  whereas  at  h i gher  dosages 
the fl occu l a t i on effi c i en c i es decreased as a res u l t of ozonat i on .  Thus , 
for the  2 -mg/ 1 ozo n e  dosage , i t  a ppears that ozonat  i on caused  an i n ­
c rea s e  i n  fl occul a t i on e ff i c i ency i n i t i al l y ,  but  afte r 10 mi n u tes  of  
settl i ng ,  a decreas e  i n  fl occu l at i on eff i c i ency occurre d . After 1 5  
mi n u te s  of sett l i ng ( F i gu re 1 5 ) , t h e  resu l ts changed o n l y  s l i gh t l y . from 
the  10-m i nute s ett l i ng t i me .  Thus , for ozone dos ages  o f  0 and 2 mg/ 1 , 
s ett l i ng t i me a ppea red to exert an e ffect on the f l occu l a t i on effi c i ­
ency , however a t  h i gher  o zone do sage s ( 4  and 8 mg/ 1 ) sett l i ng t i me d i d 
not appea r to affect the f l occu l at i on e ff i c i ency re su l t s .  
V i sua l  o bs ervat i ons were a l so  made o f  the sett l i ng fl oc 
parti cl es duri ng the j ar test s .  General l y ,  there was no obs e rvab l e 
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d i ffe rence i n  f l o c  s i ze d u e  t o  ozonat i on .  Th e fl oc  a s soc i a ted wi th ozona­
t i on d i d  a ppea r to be  l es s  dense  and  l i ghter than  the fl oc from the 
unozona ted j a r  test s ampl es . 
I n  con c l u s i on !t i t  a ppea rs that  s i mpl e ae rat i on was much  more 
effect i ve for fl o c cu l at i on enhan cemen t than ozonat i on .  Aera t i on re­
s u l ted i n  i ncreases  i n  fl occul a t i on e ffi c i en c i es of up to 26 per  cent .  
A pos s i b l e expl anat i on cou l d  b e  that a n  i n su ffi c i ent  a l um dosage  was 
app l i ed to the j ar tes t  sampl es  to coagu l ate the m i c ro fl o cs p roduced 
upon  ozon a t i on . Deten t i on t i me wa s general l y  not a factor i nfl uenc i ng 
fl occu l at i on . A l so , s ettl i ng t i me was genera l l y  not s i gn i fi cant  i n  
determi n i ng the e ffect of ozonat i on on fl occu l at i on enhancemen t i n  the 
ran g� of 5 to 1 5  m i nu tes . 
Surrogate Pa rameters for TOC 
As s ta ted i n  Me thods and Ma te ri a l s ,  the s urroga te pa ramete rs fo r 
TOC eval u ated were COD , a p pa ren t col o r ,  true col or , raw UV absorbance , 
and fi l tered UV  absorban ce . Th e data col l ected a re presented i n  
Append i x C ,  Tab l e C16 . Tab l e 6 i nc l ude s a s umma ry o f  the reg re s s i on 
equat i on and co rrel at i on coeffi c i en t  of each of  th e i nde pendent 
vari abl es tes ted . 
Chemi ca l  Oxygen Demand 
As  i nd i ca ted i n  Ta b l e 6 , th e correl at i on coeff i c i en t  between COD 
and TOC wa s 0 . 242 . Th i s  repre s en t s  a ve ry poor co rre l a t i on . Stat i s t i ­
ca l l y ,  a n  acce pta b l e s u rrogate pa rame te r for TOC shou l d have a co r re l a­
t i on coeff i c i en t  of  a t  l ea s t  0 . 8 .  
Tabl e 6 .  S umma ry o f  L i nea r Re g re s s i on Ana l ys e s  fo r S u r ro g a te Pa rame te rs fo r TOC 
Dependent Independent S lope Intercept 
Variable* Variable* 
A B 9 . 784 2 . 4 1 2  
A c 5 . 6 1 4  2 . 595 
A D 5 . 086 2 . 442 
A E 26 . 0 18 ; 2 . 1 3 1  
A F 0 . 049 1 . 962 
*A - Total Organic C arbon (mg/1) 
B - Abs orbance a t  460 nm o f  raw sample 
C - Absorbance at 460 nm of centrifuged sample 
D - Ultraviolet absorbance at 254 nm of raw sample 
E - Ultraviolet absorbance at 254 nm of filtered s ample 
F - Chemical Oxygen Demand (mg/1) 
C orrelation Number of 
C oefficient Observations 
0. 388 5 3  
0 . 048 53  
0 . 288 54 
0 . 5 1 3  54 
0 . 242 29 
0'\ � 
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An ANOVA o f  the reg re s s i on data i s  p resented i n  Appen d i x  C ,  
Ta b l e C 1 7 .  The ANOVA i nd i cated the reg res s i on was not s i gn i f i cant  
i nd i cati ng  tha t  the reg re s s i on was  not  d i s t i ng u i shab l e from random 
error .  
Co l o r  
As s hown i n  Tab l e 6 ,  the corre l ati on coeffi c i ent  between 
apparent col o r  and TOC wa s 0 . 388 . Al though h i gher  than the coeffi c i ent  
obta i ned fo r COD , th i s i s  a l so  a very poor  corre l at i on coeff i c i en t .  
An ANOVA o f  the reg res s i on data between appa ren t col o r  and TOC 
i s  presen ted i n  Append i x  C ,  Tab l e C18 .  As shown i n  the tab l e the 
reg ress i on wa s h i gh l y  s i gn i fi can t ( 99 per cent l eve l ) .  
As s hown i n  Tab l e 6 ,  the co rrel at i on coeffi c i en t  between true 
co l or  and TOC wa s 0 . 048 . Th i s  i nd i cates that a l mo s t  no re l at i on s h i p  
exi sts  between th e two va l ues . They wou l d be cons i dered i ndependen t of  
each othe r .  
An ANOVA o f  the reg re s s i on data i s  s hown i n  Ap pend i x  C ,  Tab l e  
C19 . Th e ANOVA i nd i cated the reg res s i on wa s not s i gn i f i can t ,  th erefo re 
the reg ress i on wa s not d i s t i ngu i shab l e  from random error .  
U l tra v i o l et Ab sorbance 
Tab l e 6 i nd i cates  that  the co rre l at i on coeffi c i en t  between raw 
UV absorbance and  TOC wa s 0 . 288 , a very poo r corre l at i on . An ANOVA of 
the reg ress i on data between raw UV abso rban ce and TOC i s  p res en ted i n  
Append i x  C ,  Tab l e C20 . Th e ANOVA i nd i cated that the reg re s s i on was 
s i gn i fi cant  ( 9 5 per  cent l evel ) .  
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Tab l e  6 i nd i cates  the correl at i on coeffi c i en t  between fi l te red  
UV  absorbance and  TOC  was  0 . 5 1 3 . Th i s  wa s the  best  co rre l a t i on coeffi ­
c i ent  found o f  the  f i ve pa rameters te sted , but  i t  i s  s t i l l too l ow to be  
an  acceptab l e  s u rroga te paramete r fo r TOC . 
An ANOVA o f  the regress i on data i s  presen ted i n  Append i x C ,  
Tab l e C2 1 . The ANOVA i nd i cated the regress i on was h i gh l y s i gn i fi can t 
( 99 per  cen t l evel ) .  
I n  conc l us i on , no  acceptab 1 e s u rrogate pa ramete r fo r TOC wa s 
found du r i ng  the cou rse o f  th i s  resea rch . The bes t  parameter  tha t  was 
found wa s fi l tered UV absorban ce wi th a corre l at i on coeffi c i en t  of  
0 . 513 . 
Est i ma t i on of Ozonati on Co s ts 
The cost o f  an  ozona t i on system can be s e pa rated i n to the 
cons truct i on cost of  the ozone gene rato r sys tem , the con s t ruct i on cos t  
of  t h e  ozone con ta ct chambe r ,  a n d  the annual  operati on and  ma i ntenan ce 
cos ts . Each of  the s e  cos t  catego ri es was fu rth er subd i v i ded i n to mo re 
s pec i fi c  ca tegori es. fo r cos t es t ima t i on . Appen d i x D con ta i ns sampl e 
cal cu l a ti on s  and  s pec i fi c  tabu l ati ons . 
I n  e s t i ma t i ng the con s t ruc ti on cos ts and opera t i on and  ma i n te ­
nance costs , cos t cu rves  deve l oped by the USEPA were us ed ( 1 7 ) . The 
cost curves were ba sed on Octobe r ,  1 9 78 cos ts , th erefore they had to be  
updated u t i l i z i ng Eng i nee ri ng-News Reco rd ( 1 1 )  and Bureau  of Labo r 
S tat i s t i cs  ( 4 0 )  i nd i ces fo und i n  Appendi x D ,  Ta b l e 01 . A 1 5  per cent 
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a 1 1  owance was added to the cons tructi on co sts  to  cover mi see 1 1  aneous 
i tems not i nc l uded i n  the  cost ta keoff ,  as wel l as con t i ngency i tems . 
The E PA co st  curves  u sed to determi ne th e con s tru ct i on cos t  of  
the  ozone gene rat i on sys tem were based on a i r  a s  the feed gas  fo r the 
s i ze of system requ i red a t  Yan kton . Equ i pment  cos ts for the ozone 
generat i on sys tem i n c l uded the gas- prepa rat i on equ i pmen t ,  off-gas re­
cyc l i ng equ i pmen t ,  i n s t rumen tat i on and con trol s ,  and s a fety and mon i tor­
i ng dev i ces . The ozo ne generat i on equ i pmen t was a s sumed to be hou s ed . 
Fo r the a i r-fed ozone gene rat i on system , a power demand of 1 1  
kW- hr/ l b o f  ozone gene rated was a s s umed . Th i s  f i gure i n c l u ded th e power 
requ i red fo r ozone genera t i on and d i sso l ut i on ,  as wel l as  th e power 
req u i red fo r bu i l d i ng  heat i ng , coo l i n g ,  and  1 i ght i n g .  I n  determ i n i ng 
the ene rgy costs , e l ect ri ca l cos ts o f  $0 . 04/ kW- h r  and $0 . 0918/ kW- h r  were 
used . Yan kton i s  presen tl y pay i ng  $0 . 09 18/kW- h r  fo r e l ectri ca l  power , 
but  cheaper rates may b e  ava i l ab l e fo r th e i ncreased power req u i rements 
req u i red fo r the ozone gene rat i on system . Th us , e l ec t ri cal  cos ts were 
a l s o  f i gured at $0 . 04/ kW-h r .  Th e actual  cos t  w i l l  proba b l y be between 
these two va 1 ues . Other e 1 ements  of  the annua 1 cos t were rna i n tenance 
materi a l s and l abo r requ i rements . A summary of the est i mated operati on 
and ma i ntenance co s ts for the ant i c i pated mi n i mum and max i mum power 
cos ts a re presented i n  Append i x  D ,  Tab l e 04 . 
The ozone con tact chamber  was a s s umed to be a cove red , re i n­
fo rced con c rete s tructu re w i th  a depth of  18 ft , and a l e ngth - to-wi dth 
ra t i o of  2 : 1 .  Part i t i on s  were ut i l i zed w i th i n  the con tact chamber  to 
a s s u re un i fo rm f l ow d i s tr i bu t i on . A s ummary of the cos t  est imate fo r 
the con ta ct  chamber i s  presented i n  Append i x  D ,  Ta b l e 02 . 
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The con s truct i on costs of th e contact chamber  were bas ed on a 
max i mum fl ow of  5 MGD and a detent i on t ime of 1 5  mi nu tes . The annua l  
operat i on and  rna  i ntenance cos ts we re based on  an  ave rage fl ow of 2 .  0 5  
MGD wh i ch was ba s ed on  pa s t  fl ow records fo r the Yan kton Water Treatment 
P l ant .  Th e ozone do s age u sed wa s 2 mg/ 1 . Th i s  dosage  was s e l e cted on 
the bas i s  of  the obs e rved data fo r reducti on of organ i cs , reducti on of 
ch l or i ne demand ,  and  fl occul at i on enhancement .  The detent i on t i me o f  1 5  
mi n ute s wa s c ho s en a rb i trar i l y ,  because  the deten t i on t i me was not 
s i gn i fi can t fo r mos t  of the pa rameters tes ted du r i ng  th i s  rese arch . 
S i nce a 10-m i n u te detent i on t i me was not res ea rch ed fo r a dosage of  2 
mg/ 1 , a 1 5 -mi n u te deten t i on t ime was arb i trari l y  chos en over a 20-mi nute 
deten ti on t i me .  
Based on an oz on e  dosage o f  2 mg/ 1  at a 1 5-mi  nute detenti on 
t ime , the e s t i ma ted costs  of ozonat i on are pres en ted i n  Tab l e  7 .  The 
cos ts we re a dj us ted to February , 1982 . From th i s  tab l e ,  the ozone 
sys tem con s t ructi on co s t  wa s e s t i mated at $372 , 574 . . The annua l  opera­
t i on and ma i n tenance costs  was e s t imated to range from $ 12 , 800 ( 1 .  7¢/ 
1 , 000 ga l ) to $20 , 400 ( 2 .  7¢/ 1 , 000 gal ) at e l ectri c a l  rates of 
$0 . 04/ kW- h r  and $0 . 09 1 8/ kW- hr , re spect i ve l y .  
Due to the fl uctuat i ons i n  i n te rest  rates exper i e n ced over the 
l a st  few years , the tota l  ann ua l  cos ts were cal cul ated fo r rates from 5 
to 20 per cen t ( 16 )  and  are pre sented i n  Tab l e 8 .  The total  ann ua l  
costs  were found  by add i ng th e annua l  repayment on  cons truct i on co s ts at  
the  var ious  i n te res t  rate s and  the an nual  ope rati on and ma i ntenance 
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Tabl e 7 .  Est imated Constructi on , Operati on , and Ma i ntenance Cos ts 
of Ozonat i o n  Fac i l i t ies , Yan kton , S D  
C os t  C onstruc ti on C o s t s  ($ )  Annual 
Components Operation and Maintenance 
C on tact Generation T o tal C os t s  ( $/yr) 
Chamber S yst em @ 4 . 0¢/kW-hr ii:lJ 9 . 18¢/kW-hr 
Concrete 9 , 1 1 7 428 9 , 5 5 7  
Electrical Energy 5 , 8 3 2  1 3 , 384 
Excavat ion and 2 , 9 1 1  2 ' 9 1 1 
S i t ework 
Housing 6 , 95 3  6 , 95 3  
Labor 20 , 1 5 2  42 , 646 6 2 , 798 5 , 300 5 , 300 
S teel 1 4 , 6 98 440 1 5 , 1 38 
!'lanui'ac tured 2 26 , 609 2 26 , 609 
Equipment 
Maintenanc e 2 , 36 3  2 , 3 6 3  �aterials 
M i s c e llaneous and 7 , 0 3 2  4 1  t 56 1 48 , 95 3 
C ontingency 
T ar AL C OST 5 3 , 900 3 18 , 600 372 , 500 1 2 , 800 20 , 400 
�� o t e : Construct ion c os t s  based on design \Oater flo\0 rate : 5 MGD 
Annual Operation and Maintenance C osts based on des ign \Oater fl c\0 
rate • 2 . 05 MGD 
S e lected applied ozone dosage : 2 mg/1 
C on tac t chamber �etention time : 1 5  minut es 
C o s t  cur..res and proc edures oui:li.•ed in E:s timai:i."l.�< water 'I'reatnent 
� ( 1 7 )  were utiliz ed L'"'l deve l opi."lg c osi: data. 
Al :  c o s ts \Oere updai: ed to ?eb�J , 1 98 2 .  
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Tab l e 8 .  E s t i ma ted Annua l  Ozona t i on Cos ts a t  V ar i o u s  
I n te res t Rates , Yan kton , SO 













Rec overy on @ 4 . 0¢/kW-hr @ 9 . 1 8¢/kW-hr 
Fac t or C onstruction Cost 
( $/yr )  $/yr ¢/ 1 , 000 gal i/yr 
0. 08024 29 , 900 42 , 700 5 - 7 50 , 300 
0 . 08 7 1 8  3 2 , 500 45 , 300 6 . 0  5 2 � 900 
0 . 09439 3 5 , 200 48 , 000 6 . 4 5 5 , 600 
0 . 1 0 1 8 5  3 7 , 900 50, 700 6 . 8 58 , 300 
0 . 1 09 5 5  40 ,800 5 3 , 600 7 . 2  6 1 , 200 
0 . 1 1 746 4 3 , 800 56 , 600 7 . 6  64 , 200 
0 . 1 3 388 49 , 900 62 , 700 - 8 . 4 .. 70 , 300 
0 . 1 5099 56 , 300 6 9 ,  1 00 9 . 2  76 , 700 
o .  1 6867 6 2 , 800 75 , 600 1 0 . 1 8 3 , 200 
0 . 205 36 76 , 500 8 9 , 300 1 1 . 9 96 , 900 
Note : To tal C ons truction C os t  = $372 , 500 
Annual Operati on and Maintenanc e C o s t :  
$ 1 2 , 800 @ 4 . 0¢/kW-hr = 1 . 7¢/ 1 ,000 gal 
$20 , 400 � 9 . 18¢/ kW-hr = 2 . 7¢/ 1 ,000 gal 
Capital Rec overy Fac t or (CRF) values were taken from 
interes t tables found in Principl e s  of Engine ering 
Economy ( 1 6 )  
¢/ 1 000 gal 
6 . 7  
7 - 1 
7 - 4 
7 - 8 
8 . 2  
8 . 6  
9 . 4  
1 0 . 2 
1 1 .  1 
1 ) . 0 
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cos t .  Th e costs we re deve l o ped u ti l i z i ng general parameters wh i ch  were 
not s i te s pec i f i c .  Therefo re ,  these costs  s hou l d be cons i de red as  
p re l i mi nary e s t i mates . 
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CONCLU S I ONS  
The  fo l l owi ng con cl us i ons  were made i n  rega rd to th i s  res ea rch : 
1 .  Ozonat i on res u l ted i n  a reduct i on i n  the ch l o ri ne demand  of  th e raw 
wate r of u p  to 1 4  pe r cen t .  
2 .  Ozon at i on reduced th e organ i c  con ten t  of raw water  as  mea s u red by 
tota l organ i c  c a rbon and  chem i ca l  oxygen demand . The TOC 
redu ct i on s  ran ged from 14 to 2 1  per cent and  the COD was reduced up  
to 4 2  per cent . 
3 .  Aera t i on d i d  not reduce th e organ i c  con ten t o f  the raw water o r  the 
settl ed  j a r  tes t  s amp l es . 
4 .  Th ere was e i th e r  a var i ab l e effect o r  no effect on the reducti on of 
organ i cs and ch l or i ne demand on th e settl ed j a r  tes t  s amp l es  upon 
ozon at i on . 
5 .  Ae rati on wa s much mo re e ffecti ve fo r fl o ccul at i on enhancemen t 
than ozona t i on . Aerat i on res u l ted i n  i ncreas es i n  fl occu l at i on 
effi c i en c i e s  of  u p  to 26 per  cen t .  
6 .  Ozonat i on gen e ra l l y  re s u l ted i n  decreased fl occul a t i on e ff i c i ency . 
7 .  Ozone contact ti me was  general l y  not s i gn i fi ca n t  i n  de te rmi n i ng the 
effect of ozone on the water s ampl es tes ted i n  the rang e  of  10 to 
20 m i nu te s . 
8 .  Settl i ng t i mes  from 5 to 1 5  mi nu tes we re general l y  not s i gn i fi cant  
i n  dete rmi n i ng the  e ffect  of  ozonat i on on  f l occu l a t i on e ffi c i ency . 
9 .  No accepta b l e s u rrogate pa rameter fo r total  organ i c  carbon was 
foun d .  
10 . Th e to ta l cost  of  the ozone sys tem for Yan kton was e s t i ma ted to be 
approx i mate l y  $ 3 72 , 500 . 
1 1 . The annu a l  o pe ra t i on and ma i ntenan ce cos ts were e s t i ma ted to range 
from $ 12 , 800 to $20 , 400 . 
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RECOMMENDAT I ONS  FOR FUTURE STU D I ES 
Th e fo l l ow i n g  recommenda t i ons  are made for futu re s tud i es 
i nvo l v i n g s i m i l ar re s ea rch objecti ves : 
1 .  I t  i s  recommended that  more re pl i cat i on s  be cond ucted on the 
redu ct i on o f  organ i cs and ch l o ri ne demand res earch . Th i s  may res u l t 
i n  l es s  var i ab l e data . 
2 .  I t  i s  recommended that on l y  one deten ti on t i me be u s ed i n  the fi n a l  
s tudy t o  s i mp l i fy ana l ys i s of  t h e  data . 
3 .  F i l trat i o n  o f  s ampl es  i s  recommended  pri o r  to tes t i ng fo r reducti on 
of o rgan i cs and ch l ori ne  deman d to reduce pos s i b l e  i nterfe ren ces 
from tu rb i d i ty .  
4 .  I n  add i t i on to raw water , i t  i s  recommended tha t  res earch be  
condu cted on fi l ter e ffl uen t to  determi ne the effect  of  ozone on a 
treated wa ter . 
5 .  Severa l  recommendati on s a re s uggested for the j ar tes t  procedure : 
a )  The a l um dos age cou l d be  var i e d  to determi ne i f  ozonat i o n  
requ i re s  a h i gher  a l um dos age fo r coagu l at i on .  
b )  Settl i ng t i mes  between 5 and  1 5  mi n u tes  d i d  not exert a 
s i gn i f i cant  e ffect on th e j a r tes t  res u l ts . Thu s , perha p s  
the e ffects  of  s ettl i ng t i me s  l es s  than 5 mi n u te s  co u l d 
be e va l uated . 
6 .  I t  i s  recommended that s u rrogate parameters for tota l  o rgan i c  carbon 
be determi ned fo r one general  cl a s s  o f  s ampl e s , such  as raw wate r or 
s ettl ed j ar tes t s ampl e s . 
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Se l ected Symbo l s  and Abb re v i at i ons  
Se l ected Symbo l s and Abb rev i at i ons  
ANOVA = Ana l ys i s of V a ri a nce  
BOD  = B i ochemi ca l  Oxygen Demand , 5-day ,  20°C 
¢ = cen ts 
em = cen t i meter 
COD = chemi ca 1 oxygen demand 
CRF = cap i tal  recovery factor 
cu = col or un i ts 
oc = degrees Cent i g ra de 
O F = deg rees Fah renhe i t  
DC = d i rect current 
$ = dol l ars 
$ /yr = do l l a rs per year  
EmFS = emi s s i on f l uore scence scan 
ft = feet 
Fe ( NH4 ) 2 ( so4 ) 2 = Ferrou s  ammon i um su l fate 
gal  = gal l on 
gpm = gal l on s  per m i nute 
HU = Hazen Un i ts 
Hz  = He rtz 
i n  = i nch  
kPa = k i l opascal s 
kV = k i l ovo l ts  
kW = k i l owatts 
kW- h r  = k i l owatt hours  
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kW-hr/ l b = k i l owatt  h ou rs per  pound 
l /m = l i ters per m i nute  
l pm = l i ters per  m i nute 
HgS04 = mercur i c  s u l fate 
m = meter 
urn = mi c romete r 
mg/ 1 = mi l l i g rams per l i te r  
mm = m i l l i meter  
mi n = m i nute 
nm = nanome ter  
NTU = Nephe l omet r i c Tu rb i d i ty U n i t 
N = norma 1 i ty 
02 = oxygen 
03 = ozone 
ppm = parts per m i l l i on 
PAO = phenyl ars i ne ox i de 
PVC = pol yv i ny l  ch l or i de 
K2c r2o7 = potas s i um d i c h roma te 
1 b = pound  
ps i g  = pounds  per  square i nch  gage 
R FM = rap i d  fl uorometr i c me thod 
rpm = revol ut i ons  per m i n u te 
Ag2 so4 = s i l ver  s u l fa te 
Na2 s2o3 = sod i um th i o s u l fate 
scfm = s tandard c ub i c  fee t per mi nute 
81 
s l pm = s tandard l i ters  per  m i nute 
H2 so4 = su l fu ri c a c i d  
roc = total o rgan i c  c arbon 
THM = tri hal ome thane 
TU = tu rb i d i ty u n i ts 
UV = u l trav i ol et  
USEPA = Un i ted States Env i ronme ntal  P rotect i on Agen cy 
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Exper imental Ca l cu l at i ons 
A . Ozone Concentrat i on 
C = ( Wt 03 ) ;V 1 
where : C = ozone con cent rati on i n  gas  ( mg / 1 )  
Wt 0 = we i gh t  o f  ozone trapped i n  potas s i um i od i de 3 so l ut i on ( mg )  
= ( N ) ( ml t i trant ) ( 24 )  
whe re : N = norma l i ty of sod i um th i osu l fate t i trant 
v 1 = correc ted vol ume of gas  meas u red by the wet- te s t  
me te r ( 1 i ters )  
= ( V 2 ) ( P l/ P2 ) ( T2/T l
) 
where : v2 = actual  vol ume of gas mea s u red by the wet-test  mete r ( l i ters ) 
P 1 = adj u s ted p res s ure = atmo spher i c  p re s s u re + wet- tes t meter manometer defl ect i on - wate r  
vapo r  pres sure ( from F i gu re B l ) 
= _ em H20 
P2 = s tandard p ressure = 1 atmo s phere = 1033  em H20 
T
1 
= room tempe ratu re ( °K)  
r2 = s ta ndard temperature = 298
° K 
B .  Gas  F l ow Rate 
where : Qg = 
corrected gas fl ow rate ( s tandard l i te rs/m i n ute ) 
Ql = actua 
1 gas  fl ow rate ( l i ters /mi nutes ) 
p
3 
= gage a c kp ress ure + barometr i c  pre s sure ( rrm  Hg ) 
p4 = c a l i brat i o n  gage pre s s ure + standard p re s s u re = 776  mm Hg  + 760  mm Hg = 1 536 mm Hg 
T3 
= c a l i b rat i on temperature = 294
°K 
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C . App l i ed Ozone Dos age 
0 = ( C ) ( Q9!Q1 ) 
whe re : D = a ppl i ed ozone dos age  ( mg 0
3
1 1  H20
) 
Q1 = wa te r fl ow rate ( l i ters /mi n u tes ) 
D .  Ozone  Res i dua l 
OR = [ ( PAO ) - ( K ) ( I ) ]  ( 0 . 677 ) 
where : OR = ozone res i dua l  by back ti trati on i n  200 ml s amp l e 
( mg/ 1 ) 
PAO = vo l ume o f  pheny l ars i ne ox i de pl aced i n  s amp l e 
con ta i ner  ( ml ) 
K = t i t rant s t rength facto r ( to be determ i ned da i l y ) 
= ( N I ) / ( NPAO
) 
whe re : N 1 = no rmal i ty of  i od i ne ti trant = 0 . 028
2 
N PAO = norma l i ty of phenyl a rs i ne ox i de = 0 . 00564 
I =  vo l ume of  i od i ne ti trant ( ml ) 
E .  C h l or i ne  Demand  
Cl  d = C l  a 
- C l  r 
where : C l d = c h l or i ne  demand  
( mg C l / 1  H20
) 
C l a 




where : C = ch l o ri ne concentrati on of  stock  s o l ut i on s ( mg/ 1 ) 
= ( N ) ( ml ti trant ) ( 35 . 45 ) 
where : N = normal i ty o f  s od i um th i os u l fate 
t i trant 
Vs = vo l ume of stock  so l ut i on requ i red  ( ml
) 
Vc = vo l ume of  s ampl e ( l i ters ) 
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Cl r = ch l o r i ne res i dua l  
( mg C l / 1  H20
) 
= ( NPAO
) ( ml t i t ran t ) ( 354 . 5 ) 
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where : NPAO = no rma l i ty of  pheny l ars i ne ox i de = 0 . 00564 
F . Chemi ca l  Oxygen Demand 
COD = ( A - B ) ( NF
) ( 8 , 000 ) /VCOD 
where : COD =  chemi ca l  oxygen deman d (mg/ 1 ) 
A =  vol ume of t i trant  used  for b l an k ( ml ) 
B = vo l ume of t i t rant  used  fo r s amp l e ( ml ) 
Vcoo = vo l ume of  s ampl e ( �1 ) 
N F = no rma l i ty of  ferro u s  ammon i um s u l fate t i trant  
G .  Chemi ca l Do sages  fo r Jar  Te sts  
where : Ca = chem i ca l  concentrati on of  s tock s o l ut i on 
( mg/ 1 ) 
c
b = 
average chem i ca l  con centrati on u s ed i n  t reatme n t  
p l ant a n d  j a r  tes ts ( mg/ 1 ) 
V = vo l ume o f  s tock so l u t i on to be  added to j a r  tes t  
a s amp l e ( m l ) 
Vb 
= s amp l e vo l ume ( 1 , 000 ml ) + Va 
Tab l e B l . J ar  Tes t  Chemi ca l s 
Chemical c cb v vb a a 
Lime 25 , 929  - 1 29 5 1 , 005 
Alum 1 , 407 7 5 1 , 005 
C = chemical concentration of stock solution (mg/1 ) 
a 
Cb = average chemical concentration used in treatment plant and jar tests (mg/1) 
V = volume of stack solution to be added to jar test a sample (ml) 
Vb = sample volume ( 1 , 000) + Va 
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Tab l e Cl . Pre l im i nary Re su l ts :  I n stantaneous  
Tri ha l omethane Data 
1 
DmDTICJI TIME (minutaa ) 
Sample 
5 10 15 
.A. 37· 50 37· 50 37· 50 
0 B 36. 97 36.92 38 - 53 
( 1 .4)2 ( 1 .5 )  (-3 -7) 
A 33-41 31 .22 3 1 .22 
2 B 18.85 14. 52 12. 94 
(43.6} ( 53-5)  (58.6) 
A 34·64 33-41 33-41 
4 B 18. 99 12.88 1 3 . 55 
(45.2) (61 .4) (59-4) 
A 29. 74 34-64 34.64 
8 B 13 .90 14.89 
( 59.9) (57.0) 
... 3 1 .06 34-64 
1 2  B 15. 37 15 .47 
(50. 5 )  (55- 3 )  
J. 29.74 32. 39 
16  B 15 . 53 
(52.0) 




A - Raw Wate: 




( 3 . 3 )  
34-64 
13 .82 
(60. 1 ) 





( 57- 5 )  
34-64 
1 5 .49 
(55 - 3 )  
34-64 
16. 57 
( 52 . 2) 




1 3 . 95 
(54. 3 )  
2 ( ) Indicates per cent reduction in trihalomethane ccacentra.ti on  
ANALYSES WERE CON DUCTED BY  THE SOUTH DAKOTA STATE UN I VE RS I TY 
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Ta b l e C 2 . Ozone Co n t a c t i n g  a nd Generator Ca l i b r a t i o n  Da ta 
Applied De tention Replication Ozone Absorbed Ozone C cntacting 
Ozone 'l1ime N umber Residual Ozone Demand Efficiency 
Dos age Dosage 
(mg/1 ) ( minute s )  (mg/1 )  (mg/1)  (mg/1 ) (per cent) 
1 5  
1 o . oo 1 . 95 1 . 95 90 . 4  
2 o.oo 1 . 7} 1. 7} 88 . 2  
2 
20 
1 o .o6 1 . 9 1  1 .85  90 . 6  
2 o.oo 1 . 8 1  1 .8 1  88 . 5  
1 0  1 
0 . 7 1  } . }9 2 . 68 85. 7  
2 o . 62 2 . 9 1  2 . 29 80.8 
4 1 5  1 0 . 29 } . 68 }. }9 85. 7  2 0. }6 } . 27 2 . 9 1  82. 5  
20 1 
0 . 26 } .48 3 . 22 82.4  
2 0 . 45 2 . 98 2 . 5} 74 .8 
10 1 
1 . 68 5.85 4 . 1 7  75 . 9  
2 2. 14 6 . 20 4 . 06 74 .8 
8 1 5  
1 1 . 00 5 · 95 4 · 95 13 .6 
2 1 . 26 5 .88 4 . 26 79.6 
20 
1 0 . 93 5.85  4 - 92 70 . 6  
2 0. 94 4 . 92 3 . 96 64 . 6  
































1 4 1 
-








- - ·  
lO 
� 

















9/ 1 1  
9/ 19  
9/ 1 3  
9/2 1  
4 
9/ 12  
9/2 1 
9/ 12 
9/ 1 9  
9/ 1 3  
9/ 19  8 
9/1 2 
9/ 1 9  
-- -- -- -
Tab l e C 3 . Se l ected Wa te r Q u a l i ty Data 
De tentioo Replication Temperature pH 
Time Number 
(minutes ) ( oc ) (unit s ) 
Raw · Ozona. ted Raw Ozona t ed 
10  1 20. 7 20. 5  8 .48 
8 . 5 1  
2 19 . 2 18.8 8 . }9 8.42 
1 5  
1 20. 7  20. 5 8.48 8 .5 1 
2 1 9 . 2  1 9 .0  8 . }9 8 .49 
20 1 20. 7  
- 8.48 -
2 1 9 . 2  20. 2  8 . }9 8 . 50 
1 5  
1 22.0 22.6 8 . }7 8 . 20 
2 1 9 . 5  1 9 . 9  8 . 40 8 . 44 
; 
20 1 
22.0 22.6 8 . }7 8 .45 
2 1 9 . 5  20.0 8 .40 8 .42  
10  1 
22. 9  24. 1 8 . 4 1  8 . 36 
2 20.0  20. 5 8 . 25 8 . }2 
15  
1 22.0 2} . 9  8. }9 8 . 38 
2 19 .5  19 .6  8 .40 8 . 22 
20 1 22.0 
23 · 7 8 .46 6 . 39 
2 19. 5 19.5  8 .40 8 . :n 
10 
1 22.0 23.4  8 .46 8. }2 
2 20.0  20.6  8 . 25 8 . 26 
15 
1 22.0 2}.8 8 . 39 8 . 28 
2 20.0  2 1 . 1 8 . 25 6 . 26 
20 1 22.0 2}. 6  8 . 46 8 . 15  2 20. 0  20. }  8 . 25 8 .20 
L_ _ ____ __ ----------
Turbidity 
(NTU) 
Raw Ozona t ed 
1 2  1 2  
10 10 
12 1 2  
10 1 }  
12  -
10 1 2 
10 10 
1 }  1 2  
10 10 
1 3  10 
8 9 
1 2  10 
1 1  9 
1 3 1 1  
8 8 
1 3 1 2  
8 8 
1 2  1 1  
1 1  1 1  
1 2  1 1  
8 9 







Tabl e C4 . Samp l e  Ch l o ri ne Demand ( mg/ 1 ) 
DETENTION TIME 
SAMPLE 1 
1 0  
A 2 . 18 
B 2 . 00 
0 
c 2 . 14 -
D 1 .8 1  
...- A 
1""'4 




� < rn D 0 � 
Pil 
A 2 . 20 � N 0 B 3 . 10 � 4 Pil H c 1 .80 � 
� D 2 . 90 
A 3 .oo 
B 2 . 88 
8 
c 2 . 68 
D 2 . 36 
1 A - Raw Wat er 
B - Oz onat ed Ra.w Water 
c - Unozonat ed Jar T e st Effluent 
D - Oz onated Jar Test Effluent 
1 5  
2 . 1 8  
2. 20 
2. 14 
1 . 92 
2 . 89 
2.41  
2 . 38 
2. 3 7  
2 . 69 
2 . 75 




2 . 50 
2 . 60 
(minutes ) 
20 
2 . 1 8  
1 . 90 
2 . 14 
1 . 9 1 
3 . 18 
2 . 8 3  
2 . 4 1  
2 . 33 
2 . 90 
2. 44 
2 . 08 
2 . 14 
2 . 76 
2 . 36 
2 . 20 
2 . 10 




2 . 1 80 
2 .03 3  
2 . 1 40 
1 .880 
3 . 03 5  
2 . 620 
2 . 395 
2 . 350 
2 . 5 97 
2 . 763 
2 . 143 
2 .460 
2 . 9 1 0  
2 . 553 .  
2 .460 
2 . 35 3  
Tab l e C5 . An a l y s i s  o f  V a r i a nce o f  C h l o r i ne Dema n d  Data 
Source Sum of Degrees of Mean C omputed 
of Error Squares Freedom Square F 
Dosage 2 . 1 9533 3 0 . 73 1 77 1 2 . 56 
Time o. 10727 2 0 . 05364 0 . 92 
Sample 1 . 1 5269 3 0 . 384� 3 6 . 59 
Dosage�-Time 0 . 34293 5 0 . 06858 1 . 1 8  
Dosage.Sample 0 . 68498 9 0 . 076 1 1  1 . 3 1  
Time.Sample 0. 3738 3  6 0 . 062 30 1 .07 
Error 0 . 87407 1 5  0.05827 
Total 5 · 74886 4 3  
----�---�-� 
++ S ignificant at the 99 per cent level 
I 
I 















Tabl e C6 . Samp l e  To ta l Organ i c  Ca rbon ( mg/ 1 ) 












�� A � 1 at rep , 







3 · 5 
B 2. 1 2.80 4 2.9 
c 2. 1 
2.50 
2. 7 




3 . 70 
j . {  
B 2 . 2  





A - Baw Water 
B - Ozanated Raw Water 
C - Unozonated. Jar Test Effluent 








1 .90 3· 5 


























(minut .. ) 
AVEIUGS2 
20 




















2 .� ' · '  
2.0 2. 50 2»; -
- }.60 -
4.0 
� 3. 15 2.92 
2.8 
2. 1 2. 56 
2� 
.,. , 
� 2. 58 03· 5 
� 3.65 
�·1  
2. 1 2.88 2. 90 
2. 9 
1 .8 2.40 
2 .� 
2.6 
� 2.42 2 .45 
2 Average T otal Organic Carbon over the three detention timee .  
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Tabl e C 7 . Ana l ys i s o f  V a r i a n ce o f  To t a l  O rg a n i c  Ca rbon Data 



















- - ----- ··- ---- -
Squares 
5 . 2466 
0.4985 




2 . 2 125 
0.4526 
0.0953 
2 . 291 5 
0 .4915  






Freedom Square F 
1 5 . 2466 
� 0. 1662 1 .82 
2 0.09 10 
2 0.0229 o.o6 
2 0. 3670 
3 2. 1448 2 .9 1  
; 
3 0.7}75 
5 0.0905 2.85 
3 0.03 18 
9 0. 2546 2 .07 
4 0. 1 229 
6 0.0}57 0.47 
4 0.0752 
1 1  0.0591 4 . 5 1  







� < Cll 
8 -· 
Cz1 
5 � 0 
� Cz1 







Tab l e C8 . Sampl e Chemi cal Oxygen Demand  
Dm'ENTION TIME 
SAMPLE 1 
1 0  1 5 
A. 5 .40 5 .40 
B 5 .40 1 . 80 
c 2. 90 2 . 90 
D 7 . 60 3 - 30 
·-
A 6 . 74 
B 8 . 72 
c 2 . 90 
D 5 - 55 
A 7 - 53 6 . 74 
B 1 . 50 5 - 95 
c 4.80 4- 76 
D 5 -8 3 3 · 57 
A 7 - 5 3 7- 5 3  
B 5 · 9 5 6 . 2 2  
c 3 · 5 7 7- 53 
D 6 . 90 6 . 3 5  
A - Raw Water 
B - Oz anated Raw Water 
C - Unoz anated Jar Test Effluent 




6 . 90 
2 . 90 
3 - 30 . 
6 . 74 
6 . 74 
4. 28 
2 . 90 
6 . 74 
4. 76 
0. 50 
5 · 5 5  
7 - 5 3 
5 - 95 
5 . 1 6  
5 .05 
A.VERAGE2 
5 . 400 
4. 700 
2 . 900 
4- 73 3 
6 . 740 
7 - 730 
3 - 590 
4. 2 25 
7.00 3  
4. 070 
3 - 353  
4. 98 3 
7- 5 30 
6 . 040 
5 .420 
6 . 1 00 
2 Average Chemical Oxygen Demand over the three det enti on 
times .  
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Tabl e C 9 . An a l ys i s  o f  V a r i a n ce o f  C hem i c a l  O xyge n De ma n d  Data 
Source Sum of Degrees of Mean Computed 
of Error Squares Freedom Square F 
Dosage 2 3 . 7786 3 7 . 9262 2 . 93 
T ime 1 . 86 1 6 2 0 . 9308 0 . 34 . 
Sample 4 3 . 8 1 56 3 1 4 . 6052 5 . 4 1  
DosagaTime 1 1 .4 367 5 2 .
'
2873 0 . 8 5  
DosagE*Sample 1 3 . 1 95 1  9 1 . 466 1 0. 54 
Tim�Sample 1 4 . 7 392 6 2 . 4565 0. 9 1  
Error 40 . 5286 1 5  2 . 70 1 9  
Total 1 55 . 3880 4 3  
+ +  S ignificant at the 9 9  per cent level 
++ 
\.0 o:> 
Tabl e C lO .  J ar Tes t  Samp l e  Turbi di ty for a 5 -Mi nute 





r.1 � � 
Ea ..... � � � 
SAMPLli 1 










I' 1 st rep '\ � 2nd rep � .l 
' 3rd. rep ' 



















3 · 53 
1.A - Unozonatad. Ja;r Test E.t'fiu.ent 
B - Ozonated Jar Teat Effluent 
1 5  20 
5 ·7 5 . 7  
3 · 1  3 · 1  
!:.1.. !:.L 
4· 70 4. 7() 
2.9 4.0 
, ., 5 .4 
� !:2-
3 .00 4.63 
4· 3 8 . 5 
2 . 2  2 .8 
l:.1.. � 
}.07 4.73 
2 . 2  2 .4 
2 . 2  3.0 
l:.L LL 
2 . 57 3.27 
1 .6 1 . 7  
1 .4 4.0 
.kfL. .b..L 
1 . 33 2 . 3 3  
4. 2  2 . 9 
2 . 2  1 . 6 
!:.L � 
3 -67 2 . 27 
6 . 3 2. 5 
2 . 5 2 . 9 
� bL. 
3 .87 2 . 53 
2 . 9 4. 3  
3 · 3  3 - 5  
hl._ l:.L 
3 . 1 3 3 . 70 




3 . 90 
2 . 92 
1 .89 




Tab l e C l l . Ana l ys i s  o f  V a r i a n ce o f  J a r Te s t  Samp l e  T u rb i d i ty D a t a  
for a 5 -M i n u te Se t t l i ng T i me 
Source Sum of Degrees of 
of Error Squares Freedom 
Dosage 40. 6638 3 
Time 1 .  5234 2 
Sample 0 . 0898 1 
Dosage*Time 6 . 574 1 5 
Dosage*Sample 1 · 4 199 3 
Time*Sample 0. 0234 2 
Dosag�Tim�Sample 1 1 . 8497 5 
Error 60 . 7400 44 
Total 1 29 . 3 1 09 65 
----
++ S igni ficant at the 99 per cent level 
-
Mean C omputed 
Square F 
1 3 . 5546 9 . 8 2  
0. 76 1 6 0 . 55 
0 . 0898 0 . 07 
1 . 3 148 0 . 95 
2 . 4933  1 . 8 1  
0 . 0 1 1 7  0 . 0 1  
2 . 3699 1 . 72 
1 . 3804 
-- ------ ---- --- �- -�----- --- ---
++ 
� 0 0 
Tab l e C 1 2 . J a r  Tes t  Samp l e  Turb i di ty for a 10-Mi n ute 
Settl i ng T ime ( NTU ) 
-� 
f -
Gil � C/2 0 � 
Gil 
5 N 0 
� � ..:I 
� 
SmPLil1 



















3 · 9 
� 
4. 2, --
' 1at rep ' 
' ' '- 2nd rep 
, 











2 . 7 
o.a 
1.:.l... 





1 .1 - Unozonated. Ja.r Teat Effluent 
B - Oz ated. Ja.r T ee t  Effluent 
1 5  20 
4.2 4. 2  
4. 7 4· 7 
hl.. � 
4 - 53 4· 53 
1 .8 2.8 
2 . 7  5 .2 
l:!... z.:L 
2 . 30 3 - 53 
2 . 3 2. 7 
1 . 3 2.6 
.l:L � 
1 .80 2.23 
1 .8 2 . 5 
2 . 5 2 . 1  
� 1:.£.' 
2 . 20 2. 33 
1 .6 2. 1 
1 .8 3 · 5  
ki.. .!.:..L 
1 . 63 2 .40 
3 . 0 2. 1 
1 . 7 1 . 9 
hl... � 
2 .80 1 .83 
3 .6 1 . 3 
1 .4 1 . 5 
� hl_ 
2 .47 1 . 97 
1 .7 2 . 2  
1 .6 2 .0 
1:l.. !:2.. 
1 . 5 3 2 .40 





, . }6 
2.02 
2 . 27 
1 .82 
2.02 
2 . 0 1  
2 . 1 3 
1 0 1  
Tab l e C l 3 . An a l ys i s o f  V a r i a n ce o f  J a r  Te s t  S ampl e T u rb i d i ty D a t a  
fo r a 1 0 - M i n u te Se t t l i n g T i me 
Source Sum of Degrees of 
of Error Squares 
Dosage 48 . 1 � 1 0 
Time 0. 7489 
Sample 0 . 253 1 
Dosage-M-Time 4 . 66 1 9  
Dosage*Sample 6 . 7332 
Time*Sample 1 . 5 772 
Dosag�Tim�Sample 6 . � 558 
Error 22. 6800 
Total 90 . 90�6 
-
+ S ignificant at the 95 per cent level 











Mean C omputed 
Square F 
1 6 . 04�7 � 1 . 1 � 
0 . �744 0. 73 
0 . 25� 1 0 . 49 
0.' 9324 1 . 8 1  
2 . 2444 4 · �5 
0 . 7886 1 . 5 3  
1 . 27 1 2  2 . 47 










r-1 l!l -< (/) 
g 
M 0 N 0 
� 
� 
Tabl e C 1 4 . J a r  Te s t  S amp l e  T u rb i d i ty for a 1 5 -M i n u te 
S e t t l i n g T i me ( NTU ) 
SAMPLE1 10 
BLOC� 1 BLOCK 2 HEAN 
5.0 2 . } 
• 2 . 7 } . 9 } . 25 
4 . 2 1 .4 
0 5. 2 2.2  
B } . 9 2 . 9 }. 50 





1 . 1 } .8 
A 1 . 2  4 .2  2. }2 
2 . 2 1 .4 
4 1 .6 } .2  
B 0. 9 1 .6 1 . 75 
1 . 4 1 .8 
1 . 7 2 . 2  
• 2 .4 1 . 8  1 .95 
1 . 2  2.4 
8 2. 7 } .0 
B 2. 9  4 . } }. 22 
2.0 4·4  
AVERAGE} • - 2.50 B - 2.82 
1 A - Unozonated Jar Teat Effluent 
B � Ozonated Jar Test Effluent 
DETU.TIQf TIME (minutes ) 
15 
BLOCK 1 BLOC� 2 HEAH 
5.0 2 . } 
2. 7 } .9 }. 25 
4. 2 1 .4 
1 . 7 1 .4 
} . 1 1 .4 1 .92 
1 . 9 2.0 
2 .4 1 .4 
1 . 6  1 . } 1 . 65 
2.0 1 . 2  
1 . 2  1 . }  
1 .8 1 . 4 1 . 50 
2 . 2  1 . 1 
1 .4 2. 7 
1 .5 0. 9 1 . 50 
o.8 1 . 7 
2. 5 1 . 9 
1 . 6 1 .8 2 . 1 7 
' · '  1 . 9 
} . } 4 . }  
1 . 2 2. 2 2 . 55 
2 .4 1 . 9 
1 . 6  }. 2  
2.2  2.0 2. 1 } 
1 .4 2 .4 
� - 2 . 24 B - 1 . 9} 
2Average Turbidity over the three detention times . 
}Average Turbid ity over the four ozone dosages. 
20 
BLOC� 1 BLOC� 2 KiAH 
5.0 2 . } 
2 . 7 } . 9  } . 25 
4 . 2 1 .4 
2.8 1 . 2 
} .7 1 . 7 2 . 28 
} .0 1 . } 
'·' 1 . 2 
1 .6 1 . 2 1 .67 
1 . 2 1 .2 
1 . 6 1 . } 
2. , 1 . 1 1 . 78 
} . 2 ; 1 . 2  
1 . 2  1 . 5 
,. 5 1 .4 1 . 58 
1 .0  0. 9 
1 . 5 1 . 6  
1 . 2 1 . 9 1 .60 
1 .6 1 .8 
1 . 2  2.8 
1 .4 7.0 2. 77 
2. 5 1 . 7 
2 . 2  } . 2 
1 . 5  ' · '  2. 95 
2.8 4 · 7  
A - 2 . }2 B - 2. 15 
AVDUGE2 













Tab l e  C 1 5 . An a l ys i s  o f  V a r i a n ce o f  J a r  Te s t  S amp l e T u rb i d i ty D a ta 
fo r a 1 5 - M i n u te Settl i n g T i me 
Source Sum of Degrees of Mean C omputed 
of Error Squares Freedom Square F 
Replication 0. }948 1 0 . }948 
Dosage 30.9207 3 10. 3069 1 a04 
Replication* Dosage 29.8364 3 9-9455 
Time } .2440 2 1 .6220 4. 2 1  
Replication.7ime 0 . 7714 2 0. }857 
Sample 0.0690 1 0.0690 1 .49 
Replication•Sample 0.0463 1 0.046} 
DosagHTime 3 - 7904 5 
: 
0. 758 1 0 .6 1  
Replication•Dosage•Time 6 . 22 1 4  5 1 . 2443 
Dosage.Sample 5· 3967 3 1 . 7989 10.91  
Replication•Dosage.Sample 0.4947 ' 0. 1649 
Time•Sample 2.4714 2 1 . 2}57 27. }3 
Replication.Time•Sample 0.0904 2 0.0452 
Dosage.Time.Sample 8.408 1  5 1 .6816  2.56 
Replicati on.Dosage.Time.Sample } . 28 18 5 o.6564 
Error 72. 2667 88 0.82 12  
Total 172.5988 1 } 1  






Tab l e C 16 . Reg res s i on Ana l ys i s  Data fo r 




'rnMt Total Oqllaic Ahltarbcc• 
Carbas &'t 460 aa (mc/l) Bav 
A. 3 · 5 -
.l 3 · 1  0.052 
.l 2.5 0.0 5 1  
:B 3 · 1  o.� 
:B 2.4 0.060 
:B 3.6 0.049 
B 2. 3 0.049 
:B 3- 5  0.048 
B 2. 1 0.021 
B 3 ·5 0.050 
:B 2. 1 o.o;o 
:B 4.0 0.04� 
:B 2.3 0.0 5 1  
:B 3- 1 0.043 
:B 2.2 o.o,a 
:B 3.4 o.o, 
:B 2.2 o.o,a 
:B 3. 1 0.048 
:B 2. 1 0.03 1 
B 2.9 0.049 
:B 2.4 0.042 
c 2.9 o.oo; 
c 2 . 1  o.oo; 
c 3 ·5 0.0 1 2  c 2.0 o. ooo 
c 2.9 0. 1 28  
c 2. 1 o.ooe 
c 2.9 o.oo5 
c 2.8 0.0 16 
c 2. 1 o.ooe 
c 2.8 o.oo; 
c 2.5 0.0 1 2  
c 2.0 0.001 
c 2.9 0.010 
c 1 .8 o.oo; 
c 2.0 0.009 
]) 2.6 o.oo; 
D 2. 1 0.008 
]) 3 · 3 0.007 
]) 2.0 0.001 
]) 2. 7 0.022 
l) 1 .8 o. ooo 
]) 2.9 o.ooo 
]) 2.9 0.010 
]) 3 · 3 0.0 1 2  
]) 1 . 9 0.006 
]) 2.6 0.007 
D 2.0 o.ooo 
D 2.6 0.008 
]) 2.6 0.0 1 9  
]) 2. 3 0.0 1 2  
D 2.0 0.009 
]) 1 .9 0.003 
]) 2.0 o.ooo 
1 A. • Bav W&"tU' 
B - Osc:aated. Baw \late 
C - Un0$aa&ted. Jar Te•t E!f'filullt 
D - Osc:aated. Jar Te•t E!f'fil.IAilt 
�-t 
VariUl• 
A.hearDcc:e 1Jl trartoln IJlU'a'ri.olet 
&t 460 ra A.b8arbaaae .lbaorb..ce 
c.� Ball 11ltllnet 
- 0.093 0.05 1 
0.019 0. 129 0.0�2 
0.018 0 . 1 22 0.027 
0.007 0.063 0.027 
0.009 0.054 0.019 
0.007 0.067 0.024 
0.010 0.047 0.014 
0.001 0.041 0.013 
0.010 0.063 0.010 
0.018 0.060 o.o,a 
0.015 - o.o68 0.012 
0.004 o.o;2 0.0�5 
0.002 0.062 0.013 
0.002 0.073 0.019 
0.001 0.073 0.006 
0.002 0.0'58 0.020 
o.ooa 0.091 0.003 
0.008 0.023 0.015 
o .ooe 0.081 0.007 
0.017 0. 108 o.on 
0.014 . 0 . 142 0.038 
0.005 0.020 0.032 
0.009 0.01 3 0.012 
0.003 0.027 o.ou 
0.006 0.017 o.on 
0.002 0.045 0.036 
0.01 1 0.019 o.ooe 
o .ooo 0.0}2 0.()40 
0.002 0.038 0.050 
o.ooo 0.016 0.017 
o.ooo 0.0}1 0.0�2 
0.002 o.ou 0.022 
0.006 0.023 0.02 1 
o.oo; 0.020 0.027 
o.oo, 0.021 0.016 
0.009 0.025 o.o20 
0.00 1  0.0 1 1  0.01 7 
0.005 0.002 0.00 1 
0.001 0.022 0.022 
0.006 0.001 0.001 
0.002 o.ou 0.012 
0.002 o.ooo o.oo3 
0.002 0.009 0.019 
0.001 o.oo, 0.00} 
0.002 o.oo; 0.022 
o.ooo 0.002 0.002 
o.ooo 0.002 0.017 
0.002 0.0 14 o.ooo 
0.001 0.007 0.027 
0.001 o.oo, 0.027 
0.002 0.007 0.001 
o.ooo 0.014 0.015 
o.ooe 0.022 0.01 3 
0.001 0.0 19 0.018 
105 
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0 . 50  --
7- 53 -









, . ,o 
2.00 
Ta b l e C 1 7 . Ana l y s i s o f  V a r i a n ce o f  Re g re s s i o n Data fo r T o t a l  O rg a n i c C a rb o n  
and  Chemi ca l Oxyge n Dema n d  
Source Sum of Degrees of Mean C omputed 
of Error Squares Freedom S quare F 
Regression 0 . 2496 1 0 . 2496 1 . 67 
Error 4 . 0249 27 o. 149 1 
Total 4 . 2745 28 
.-0 0) 
Tab l e C l 8 .  Ana l ys i s  o f  Vari ance o f  Regress i on Data  fo r Tota l  
Organ i c  Ca rbon and Appa rent Col or  
Source Sum of Degrees of Mean C omputed 
of Error Squares . Freedom Square F 
Regression 2 . 9723 1 2 . 9723 9 .0 1  
Error 1 6 .8 1 97 5 1 0 . 3298 
T otal 1 9 . 7920 52 
++Significant at the 99 per cent level 
Tab l e C l9 .  Ana l ys i s o f  V a ri ance o f  Regres s i on  Data for Tota l  
Organ i c  Ca rbon and  True Col or 
Source Sum of Degrees o:f Mean Computed 
of Error Squares Freedom Square F 
Regression 0 .045 1 1 0 . 0451  0 . 1 2  
Error 1 9 . 7 1 30 5 1 0. 3865  
Total 1 9 . 758 1  52 
1 07 
++ 
Tab l e  C20 .  Ana l ys i s  o f  Vari ance of  Regres s i on Data fo r Total  
O rgan i c  Carbo n and  Raw U l travi o l et Abs o rbance 
Source Sum of Degrees of Mean C omputed 
of Error Squares . Freedom Square F 
Regression 1 .  7069 1 1 .  7069 4 - 72 
Error 1 8 .8035  52  0 . 36 16 
Total 20 . 5 104 53 
+ Significant at the 95 per cent level 
Tabl e C2 1 .  Ana l ys i s  o f  Vari ance o f  Re gres s i o n Data fo r To ta l  
O rgan i c Carbon and F i l te re d U l trav i o l e t  Abs o rban ce 
S ource Sum of Degrees of Mean C omputed 
of Error Squares Freedom Square F 
Regression 5 - 3987 1 5 . 3987  1 8 . 58 
Error 1 5 . 1 1 1 7 52  0 . 2906 
Total 20. 5 104 53 




APPEN D I X  0 
Es t i mati on of  Ozonati on Costs  
1 09 
E s t i mat i on of  Ozonati on Cos ts 
As s umpt i on s : Des i gn average wa te r fl ow rate = 2 . 05 MGD 
Des i gn max i mum wate r fl ow rate = 5 MGD 
Se l ected app l i ed ozone do sage = 2 mg/ 1  
Conta ct c hamber  deten t i on t ime = 1 5  m i n u te s  
Ca l cu l ati on of  To ta l An nua l  Ozonati on Cos t  
T C  = C + OM a a a 
where : TCa = tota l  ann u a l  co st  of  ozonati on 
( $ ) 
Ca = annua l  cons truct i on cos t  repayment 
( $ ) 
= ( CRF ) ( Cp
) 
wh ere : CRF = cap i ta l recove ry factor 
= i + i 
( 1  + i ) n - 1 
whe re : = annua l  i nteres t rate ( dec i ma l ) 




= tota l  con struct i on cos t ( $ ) 
OMa = ann u a l  operat i on and  ma i n tenance cos t  
( $ ) 
= ( EED ) ( E R ) + MM + L 
where : E ED = e l ectr i ca l energy deman d ( kW- h r/yr ) 
E R  = e l ectri c i ty rate ( $/ kW- hr ) 
MM = annua l  ma i ntenance mater i a l  co s t  ( $ ) 
L = ann u a l  l abo r co s t  ( $ ) 
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Note : Co s t  cu rve s and  procedure s  out l i ned i n  Est i ma t i ng Wate r Treatment 
Co sts  ( 1 7 )  were  u t i l i zed i n  deve l o p i n g  cos t  data . 
Al l co s ts we re u pdated to February , 1982 . 
CRF va l ues  were ta ken from i nterest  tab l es found  i n  Pri nci pl es of 
Engi neer i ng Economy ( 1 6 ) . 
Tab l e 0 1 . Co s t  Upda t i n g  a n d  App ro p r i a te I n d i ces 
Cos t  Component C os t  Index Index Value 
October, 
1 978 
�cavation and S itework ENR Wage Index 247 . 0  
for Skilled Labor 
Manufac tured Equipment BLS General Purpose 22 1 . 3  
Machinery and Equipment 
C oncrete BLS C oncrete 22 1 . 1  
I ngredients 
Steel BLS Steel Mill 262 . 1  
Products 
Labor ENR Wage Index 247 . 0  
for Ski lled Labor 
Hous ing ENR Bui lding Cos t  254 . 76 
Index 
Maintenance Materi als BLS Producer Price 1 99 . 7 
Index for Finished Goods 
Note : ENR refers to Engineering N ews Record data ( 1 1 ) 
BLS refers to Bureau of Labor S tatistics data ( 40 ) 
Febuary , 
1 982 
325 . 0  
300 . 8  
308 . 1 
350 . 8  
3 25 . 0  
325 . 67 




1 . 32  
1 . 36 
1 . 39  
1 . 34 
1 . 32 
1 . 28 
1 . 39 
-- --
........ t-l ........ 
Tabl e 02 . Cons tructi on  Cost  of  Ozone Co ntact Chambe r as o f  
Februa ry , 1982 
Cost Category Cost of Construction ($ ) 
October, 1 978 
Excavation and Si tework 2 , 205 
C oncrete 6 , 559 
S te el 1 0 , 969 
Labor 1 5 , 267 
Subtotal C ost  3 5 , 000 
Misc ellaneous and C ontingency 5 .250 
( 1 5% of Subtotal ) 
T otal C ost 40 , 250 
Note :  Design water flow rate = 5 MGD 
Febuary , 
2 , 9 1 1 
9 , 1 1 7  
1 4 , 698 
20 , 1.5 2  
46 , 878 
7 , 032 
5 3 , 9 10 
Contact chamber detenti on time = 1 5 minutes 
C ontact chamber volume = 6 , 963 cubic feet 
C ontact chamber depth = 1 8 ft 
1 982 
1 12 
Tab l e 03 . Cons t ructi on Co s t  o f  Ozone Gene rat i on Sys tem as  of  
Feb ru a ry ,  1982 
C ost Category Cost of Construction ( $ )  
-
October , 1 978 Febuary, 1 982 
Manufactured Equipment 166 , 624 226 , 609 
Concrete 308 428 
Labor 32 , 308 42 , 646 
Steel 328 440 
Housing 5 ,432 6 , 953  
Subt otal C ost 205 , 000 277 , 076 
Mi scellaneous and C ontingency 
( 1 5% of Subtotal)  
30 , 750 4 1 , 56 1  
Total Cost 235 , 750 3 18 , 637 
Note : Ozone generation capacity = 83 .4 lb/day 
1 1 3  
Tab l e 04 . Ope ra t i on a n d  Ma i n te n a n ce Cos t Ra n ge as o f  Fe b ru a ry , 1982 
Electrical Electrical Energy 
Ehergy Cos t Demand (kW-hr/yr) 
$/kW-hr · Bui lding Process Total 
0 .0400 5 ,800 140 , 000 145 ,800 
0 .09 18 5 , 800 140 ,000 145 ,800 
Note : Labor Rate = 1 10/hr 
Maintenance Material Labor Total Cost 
C ost ($/yr) Cost 
. Oc tober, 1 978 Febuary , 1 982 1/yr 1/yr 
; 1 , 700 2 , 363 5 , 300 1 2 ,8 32 
1 , 700 2 , 363 5 , 300 20 , 384 
Total Operation and Maintenance Cost = (Electrical Energy Demand ) (Electri city 
I 
Rate ) + Mainten ance Material Cost + 
Labor Cost 
i 
I I ! 
� 
� � 
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APPEND I X  E 
Wate r Treatmen t at Yan kton 
116  
Wate r  Treatment  at Yankton 
Hi story 
The earl y s ett l e rs to Yan kton rece i ved the i r  water  from wel l s  or  
d i rect l y  from the  Mi s sour i  Ri ver wi thout any treatment .  By  the  earl y 
1900 ' s  the  c i ty wa s rece i v i ng mos t  of  i ts water from an a rtes i an wel l 
system .  Howeve r ,  i n  1 9 12 s tate hea l th offi c i a l s decl a red the water 
supp l y  as  unf i t for human con sumpt i on .  
I n  1 9 3 3 , a new wa te r fi l trat i on p l ant was con s t ru cted and p l aced 
i n  ope rat i on .  
R i ve r . Du ri ng  
Raw water  fo r the  p l ant  was pumped from the  M i s sou ri  
the  1940 • s and 1 9 50 • s seve ra 1 i mp rovements  and  
mode rn i zat i on s  were made i n  t he p l ant .  
By the  mi d- 1960 ' s  i t  became appa rent that th e c i ty ' s  water 
supp l y  needed maj o r  i mp rovements . A new 4-MGD pl ant  was then bu i l t  and 
put i nto ope rat i on i n  December , 1973 . Th i s  was th e p l ant  i n  wh i ch the 
ozone research wa s conducted . The o l d wate r p l an t  was a l so  exten s i ve l y  
remode l ed i n  197 3 , a n d  pre s ent l y produces a max imum o f  3 MGD .  
The Treatmen t P rocess  
S i nce the ozone  res earch was  conducted i n  the new water  p l an t , 
i t  wi l l  b e  des cri bed i n  deta i l  here . The p l ant i s  now operati ng at a 
fl ow of  5 MGD wi th no  prob l ems , even thou gh i t  was on l y  des i gned fo r a 
fl ow of 4 MGD . 
A s chemat i c l ayou t  of  the new p l an t  i s  s hown i n  F i gu re E l .  Raw 
water from the Mi s s ou r i  R i ve r i s  pumped from i n take s that a re 1 ocated 
near the o l d  wa ter treatment  p l an t  and cl ose  to s ho re . Upon enteri ng 



















Filters C learwell 
F i g u re E l . F l ow Di a g ram o f  the Y a n k ton Wa te r T re a tme n t  P l a n t 
To Storage 




1 1 8  
raw wate r th rou gh ta ps  connected to t h e  i n fl uent raw water 1 i ne .  The 
ch l o r i ne i s  on l y  added dur i ng the wa rm weather  mon ths  of  June , Ju l y , 
August , and  Septemb e r .  I f  the wa te r i s  not ch l ori n ated , a l a rge i ns ect 
hatch o ccu rs i n  the p l an t .  The raw water then ente rs the s o l i ds contact 
bas i s  where l i me and  a l um a re added . 
Fo l l owi n g  the s o l i ds contact bas i n ,  ch l o ri ne  and a sma l l amount  
of  po l ypho s phate are added to the water pr ior  to  the rec a rbo n at i on  
ba s i n .  I n  the reca rbonati on bas i n ,  the pH of the wate r i s  a dj us ted wi th 
ca rbon d i ox i de .  Upon l ea v i ng  the recarbon at i on bas i n  ch l o ri ne  i s  added 
p ri or to fi l trat i on .  The wate r then fl ows through  the grave l and 
anthrac i te f i l ters i n to the cl earwel l .  The c l earwe l l a l l ows ch l o ri n e  
contact i ng and  tempo ra ry storage p r i or  to ente ri ng s to rage and  the 
d i s tr i but i on sys tem . The water i s  a l so  fl uori dated w i th sod i um s i l i ca 
fl uori de i n  the  c l earwel l .  
The typ i ca l  chem i ca l  dosage s u s ed i n  the water treatment  p rocess  
a re a s  fo l l ows : 
L i me 129 . 0  mg/ 1  
Al um 7 . 0 mg/ 1 
Ch l o r i ne 5 . 0  mg/ 1  
Fl uo r i de 0 . 9 mg/ 1 
Ca rbon D i oxi de 17 . 0  mg/ 1 
Act i vated Ca rbon  3 . 5 mg/ 1  
